














































A THESIS SUBMITTED 
FOR THE DEGREE OF PHILOSOPHY 
DEPARTMENT OF PHYSICS 




First and foremost, I want to sincerely thank my supervisor, Professor Xiang-
Yang Liu, without whom this work would not have been possible. His clear view 
of science and kind hearted nature made our lab an exceptionally pleasant, 
creative and exciting place to work. It is truly my pleasure to have been part of it. 
I thank for his valuable guidance and continuous encouragement throughout my 
research. 
I also want to second show my sincere appreciation to Professor Janaky 
Narayanan for her invaluable advice and keen interest in this work. She 
contributed enormously towards my learning biophysics and inspired me in many 
ways to develop new ideas and experimental techniques. 
I take this opportunity to express my gratitude to Dr. Christina Strom who has 
contributed significantly to this thesis and my PhD study. I sincerely thank her for 
helping me throughout the period of my research by providing advice and support 
for editing the papers and in patent application. 
I would also like to express my sincere gratitude to Dr. Claire Lesieur Chungham 
for providing advice and practical instruction in biology. I deeply appreciate the 
enlightening discussion with her in various allied fields.  I am going to miss the 
arguments and challenges between us that helped me learn a lot.  
I also gratefully acknowledge the help and support of all my lab mates, past and 
present, who have spent countless hours of insightful discussion. I am pleased to 
thank all of them, Keqin, Huaidong, Du Ning, Rongyao, Jingliang, Junying, 
 ii
Dawei, Tianhui, Huiping, Liu Yu, Junfeng and Yanhua. Special thanks are due to 
Mr. Teo Hoon Hwee and Mr. Chung Chee Cheong Eric for their support and help 
throughout my research work, as well as many other close friends who could not 
fit in the available space.  
Furthermore, I would take this opportunity to thank my husband, Mr. Zhou 
Yicong, who has provided constant support to me during the years of my research. 
His love and encouragement kept my spirit high through the toughest part of this 
work. I might not have completed this work without him. Also I want to thank my 
beloved parents and brother for their love, encouragement and support they have 
given me during my years of study.  
Finally, I thank the National University of Singapore for providing the scholarship 
during my study in NUS. 
 iii
TABLE OF CONTENTS 
ACKNOWLEDGEMENTS                                                                                   i 
SUMMARY                                                                                                          vii 
LIST OF TABLES                                                                                              x 
LIST OF FIGURES                                                                                              xi 
LIST OF SYMBOLS                                                                                          xvii 
 
CHAPTER 1. INTRODUCTION                                                       1 
1.1 Crystals in Our Daily Life                                                                 1 
1.2 Why is Protein Crystallization Important                                       2 
1.2.1 Structural Biology and Drug Design                                                  2 
1.2.2 Bioseparation                                                                                        4 
1.2.3 Controlled Drug Delivery                                                                    4 
1.3 Challenges in Research of Protein Crystallization                         5 
1.3.1 A Multiparametric Process                                                                 6 
1.3.2 Purity                                                                                                     8 
1.3.3 Solubility and Supersaturation                                                           8 
1.3.4 Nucleation, Growth and Cessation of Growth                                  9 
1.3.5 Packing                                                                                                10 
1.4 Some Milestones in Research of Protein Crystallization              10 
1.4.1 Nonionic Surfactant as Protein Crystallizing Agent                       12 
1.4.2 Prediction of Protein Crystallization                                               15 
1.4.3 Kinetics of Protein Nucleation and Growth                                    17 
1.5 Problems                                                                                            19 
 iv
1.6 Objectives                                                                                          20 
1.7 Scope                                                                                                  20 
CHAPTER 2. MATERIALS AND METHODS                              22 
2.1 Materials                                                                                           22 
2.1.1 Proteins                                                                                               22 
2.1.2 Surfactant                                                                                           22 
2.1.3 Salts and Buffers                                                                                22 
2.2 Techniques                                                                                        23 
2.2.1 Protein Crystallization                                                                       23 
2.2.2 Static Light Scattering                                                                       27 
2.2.3 Dynamic Light Scattering                                                                 32 
2.2.4 Refractive Index Increment                                                              37 
2.2.5 Surface Tension                                                                                  40 
2.2.6 Fluorescence Spectroscopy                                                               45                       
2.2.7 Cloud Point                                                                                         51 
CHAPTER 3. SOLUBLE PROTEIN CRYSTALLIZATION  
WITH NONIONIC SURFACTANT                                                55 
3.1 Introduction                                                                                      55 
3.2 Crystallization                                                                                  56 
3.3 Protein Interactions                                                                         59 
3.3.1 Refractive Index Increment                                                              59 
3.3.2 Static Light Scattering                                                                       60 
3.3.3 Dynamic Light Scattering                                                                 63 
3.4 Origin of the Change in Protein Interactions                                66 
 v
3.4.1 Surface Tension Measurements                                                        66 
3.4.2 Fluorescence Measurements                                                             69 
3.4.3 Cloud point measurements                                                                72 
3.4.4 Depletion Force                                                                                  75 
3.5 Mechanism                                                                                        77 
3.6 Conclusions                                                                                       79 
CHAPTER 4. SELF-ASSEMBLY OF PROTEIN IN 
CORRELATION TO PROTEIN CRYSTALLIZATION             80 
4.1 Introduction                                                                                      80 
4.2 Amphiphilic Nature of Proteins                                                      83 
4.2.1 Origin of Surface Activity of Proteins                                             83 
4.2.2 Surface Adsorption of Proteins                                                         83 
4.3 Critical Assembly Concentration (CAC) of Lysozyme                 84 
4.3.1 Protein Concentration Dependence                                                  84 
4.3.2 Salt Concentration Dependence                                                        86 
4.3.3 Correlation of CAC to Solubility                                                      87  
4.4 Two-dimensional Protein Assembly to Three-dimensional 
Crystallization                                                                                        91 
4.4.1 Limited and Infinite Aggregation/Assembly                                   91 
4.4.2 Correlation between Protein 2D assembly and Crystallization     91 
4.5 Conclusions                                                                                       93 
CHAPTER 5. INTERFACIAL KINETICS OF PROTEIN 
CRYSTALLIZATION                                                                       96 
5.1 Introduction                                                                                      96 
 vi
5.2 Protein 3D Crystallization                                                               97 
5.2.1 Thermodynamics Driving Force                                                       97 
5.2.2 Nucleation Barrier                                                                             98 
5.2.3 Interfacial Kinetics                                                                           103 
5.2.4 Kinetic Crystallization Coefficient                                                 106 
5.3 Protein 2D Assembly                                                                      109 
5.3.1 Surface Assembly Process                                                               110 
5.3.2 Kinetics of Protein 2D Assembly                                                    110 
5.4 From Protein 2D Assembly to 3D Crystallization                       113 
5.4.1 Lysozyme 2D Assembly Kinetics                                                    113 
5.4.2 Kinetic Crystallization Window                                                     118 
5.4.3 Validation of the Kinetic Crystallization Window                        120 
5.5 Conclusions                                                                                     123 
CHAPTER 6. CONCLUSIONS                                                      125 
6.1 Conclusions                                                                                     125 
6.2 Recommendations for further study                                            129 
REFERENCES                                                                                 131 
APPENDIX                                                                                       145 




Protein crystallization has attracted much attention due to its wide application in 
drug delivery and determination of protein structure. However, it is difficult to 
crystallize protein since precise determination of crystallization conditions is often 
a time consuming task. The purpose of this thesis is to understand the mechanism 
of protein crystallization and develop a prediction criterion for protein 
crystallization based on the kinetics of protein crystallization. This thesis consists 
of three parts which are mainly based on the following publications. 
 International patent filed: 
X. Y. Liu and Y. W. Jia, Method for Prediction de novo Biomacromolecule 
Crystallization Conditions and for Crystallization of the same, File reference 
No. PCT/SG2005/000051, Filing date: 21 February 2005. 
 Papers: 
1. Y. W. Jia and X. Y. Liu, Self-assembly of Protein at Aqueous Solution 
Surface in Correlation to Protein Crystallization, Appl. Phys. Lett. 
86(2), 023903, 2005.  
2. Y. W. Jia and X. Y. Liu, Prediction of Protein Crystallization Based on 
Interfacial and Diffusion Kinetics, Appl. Phys. Lett. 87(10), 103902, 
2005.  
3. Y. W. Jia, J. Narayanan, X. Y. Liu and Y. Liu, Investigation of the 
Mechanism of Crystallization of Soluble Protein in the Presence of 
Nonionic Surfactant, Biophys. J. 89, 4245-4251, 2005. 
 viii
4. Y. W. Jia and X. Y. Liu, From Surface Self-assembly to Crystallization: 
Prediction of Protein Crystallization Conditions, J. Phys. Chem. B, 
110(13), 6949-6955, 2006. 
George et al have proposed a prediction criterion for protein crystallization, i.e., a 
“crystallization window”, based on protein molecular interactions, which is 
characterized by the second virial coefficient. In this thesis, the mechanism of 
protein crystallization in the presence of nonionic surfactant is investigated with 
reference to protein molecular interactions. From the protein crystallization results, 
it was found that interactions was repulsive in noncrystallization solution 
conditions, whereas intermolecular interaction was attractive and fell in the 
“crystallization window” in solution conditions that yield crystal. The origin of the 
change in interaction was attributed to the adsorption of nonionic surfactant 
monomers on the hydrophobic parts of protein molecules and depletion force at 
high surfactant concentration.  
Although the second virial coefficient is valid to predict protein crystallization in 
some cases, it fails in a lot of cases as well because it neglects the kinetics of 
protein crystallization, which is an essential part in protein crystallization. A new 
prediction criterion for protein crystallization conditions was established based on 
the kinetics of protein crystallization studied via the two-dimensional assembly of 
protein at the aqueous solution surface.  
Two-dimensional assembly of protein at the surface of aqueous solution followed 
the same behavior as amphiphilic molecules. The critical assembly concentration 
(CAC) appearing in the protein solutions was found to coincide with the 
equilibrium concentration of protein crystal under given conditions. This indicates 
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that the equilibrium condition of protein crystallization can be determined without 
protein crystals. 
Although the protein equilibrium conditions can be determined, whether the 
protein forms amorphous phase or crystal phase still depends on the kinetics of 
protein crystallization. Similar to the layer-by-layer crystal growth process of 
protein, the kinetics of two-dimensional self-assembly of protein at the aqueous 
solution surface provides a convenient and reliable way to estimate the surface 
integration and the volume transport during protein crystallization. Based on the 
estimation of protein surface integration and volume diffusion kinetics, a 
“crystallization coefficient”, which is defined as the ratio between diffusion rate 
and surface integration rate of protein, was found to provide an effective and 
reliable criterion to predict protein crystallization conditions. This is a completely 
new criterion to predict protein crystallization conditions based on the kinetics of 
protein crystallization. This criterion has been applied to lysozyme, concanavalin 
A and bovine serum albumin (BSA) crystallization, and it turned out to be quite 
successful and more reliable than the second virial coefficient.  
Since the prediction criterion based on “crystallization coefficient” provides an 
economical method to crystallize protein without resorting to screening 
experiments, it would benefit advances in drug design and drug delivery as well as 
in the determination of the protein structure.   
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1.1 Crystals in Our Daily Life 
A large fraction of all solid materials, both natural and man-made, occur in the 
crystalline form (Figure 1.1). Crystalline materials have long-range order, with 
their atoms or molecules forming a regular, repetitive, grid-like pattern throughout 
 
 
Figure 1.1 Different types of crystals. 
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the material. Many of these are polycrystalline, that is, they are made up of many 
single crystals (called grains). Most metals, alloys and composite materials fall 
into this category.  
However, a significant number of solid materials exist as single crystals. Single 
crystals include those in everyday use (e.g. salt and sugar crystals), those used for 
decorative purposes (e.g. gemstones), and those used in electro-optical devices 
(e.g. infrared crystals such as zinc selenide and silicon crystals in computer chips). 
Crystals of proteins, nucleic acids, viruses and other biological macromolecules 
are also single crystals. 
1.2 Why is Protein Crystallization Important? 
Protein crystallization has been attracting significant attention due to its wide 
applications in life sciences.  
1.2.1 Structural biology and drug design 
The knowledge of protein structure is indispensable for correctly determining the 
often complex biological functions of the proteins (Darby et al., 1993). Rational 
drug design can be performed based on a known enzyme or receptor binding site. 
From the 3-dimensional structure of the site a pharmacophore can be determined; 
that pharmacophore may then be used as the basis for the de novo design of novel 
ligands for that receptor. 
There are two main methods to determine protein structure: Nuclear Magnetic 
Resonance (NMR) and X-ray crystallography. NMR has the advantage as it can be 
used to obtain the protein structure from solution, which is easy to prepare. 




Figure 1.2 Procedures of X-ray crystallography (Figure taken from sgce.cbse.uab.edu). 
However, it works only on small protein molecules whose molecular weight is 
less than 8 KDa while most of the protein molecular weight is larger (hundreds of 
KDa). Moreover, the resolution of protein structure determined by NMR is very 
low, up to 3 angstroms. In comparison, X-ray crystallography has the advantage of 
much higher resolution up to one angstrom and is more cost-effective than NMR 
(Sybesma, 1977).  
To utilize X-ray crystallography to ascertain the three-dimensional structure of a 
protein, the protein crystal has to be obtained firstly (Drenth, 1995; Jones et al., 
1996). As shown in Figure 1.2, the process of determining protein structure begins 
with the crystallization of the protein. Crystals that diffract well and are larger 
Chapter 1 Introduction 
__________________________________ 
 4
than 0.1mm are needed for this. The crystal is then mounted in a capillary tube 
and placed in an X-ray beam from either a laboratory or a synchrotron source. The 
diffraction pattern is collected and analyzed to obtain the structure of the protein. 
Given the complex structure of proteins and other biological macromolecules, 
protein crystallography has become a highly specialized field, with most 
crystallographers focusing solely on structure determination. The study of the 
bottle neck in the process, namely crystallizing the protein in the first place, has 
largely been left to crystal growers. 
1.2.2 Bioseparation 
Bioseparation refers to the downstream processing of the products of fermentation. 
Typically the desired product of the fermentation process is a protein (e.g. insulin), 
which then needs to be separated from the biomass. Crystallization is one of the 
commonly employed techniques for separating the protein. It has the advantage of 
being a benign separation process, that is, it does not cause the protein to unfold 
and lose its activity. The issues here are better prediction and control of the 
crystallization process to facilitate improved design of crystallization units.  
1.2.3 Controlled drug delivery 
Protein crystal can be used as a means of achieving controlled drug delivery. Most 
drugs are cleared by the body rapidly following administration, making it difficult 
to achieve a constant desired level over a period of time. When the drug is a 
protein (such as insulin or alpha-interferon), the crystal reservoir technology has 
resulted in smaller patches with a more controlled and sustained drug release 
(Figure 1.3). This efficient delivery technology may minimize the amount of  




Figure 1.3 Crystal reservoir technology for drug release. (Figure taken from 
http://www.avevadds.com/crystal_reservoir.asp) 
active pharmaceutical ingredients required (Reichert et al., 1995; Matsuda et al., 
1989; Peseta et al., 1989; Brange, 1987). 
This efficient way of releasing a drug is based on the supersaturation of an 
adhesive polymer with medication thus forcing a partial crystallization of the drug. 
The presence of both molecular solute and solid crystal forms allow for a 
considerably higher concentration and consistent supply of drug in each patch. As 
the skin absorbs the molecular solute, crystals re-dissolve to maintain maximum 
thermodynamic activity at the site of contact. The challenge here is to produce 
crystals of relatively uniform sizes so that the dosage can be prescribed correctly. 
1.3 Challenges in Research of Protein Crystallization 
To grow defect free single crystals of sufficient size is a real challenge. Up to now, 
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more than 100,000 different proteins have been identified in living organism, and 
only less than 4000 structures are determined. This can be attributed to the 
extreme complexity of macromolecules compared with single molecules. 
1.3.1 A multiparametric process 
Because proteins require defined pH and ionic strength for stability and function, 
protein crystals have to be grown from chemically rather complex aqueous 
solutions. Biocrystallization, like any crystallization, is a multiparametric process 
involving the three classical steps of nucleation, growth, and cessation of growth. 
What makes crystal growth of proteins different is, first, the much larger number 
of parameters than those involved in small molecule crystal growth (Table 1.1) 
and, second, the peculiar physico-chemical properties of the compounds. For 
instance, their optimal stability in aqueous media is restricted to a rather narrow 
temperature and pH range. But the main difference from small molecule crystal 
growth is the conformational flexibility and chemical versatility of proteins, and 
their consequent greater sensitivity to external conditions. This complexity is the 
main reason why systematic investigations were not undertaken earlier. 
Furthermore, the importance of some parameters, such as the geometry of 
crystallization vessels or the biological origin of macromolecules has not been 
recognized (Ducruix and Giege, 1999).  
Chemical precipitants are by and far the most widely used method of achieving 
supersaturation of protein in order to induce crystallization. In general, the main 
influence of these compounds is on the solvent (e.g. bulk water) rather than on the 
solute (the protein), with the notable exception of dye precipitants. For 
crystallization of proteins, the major precipitants are salts, Poly(ethylene glycol)  
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Table 1.1 Parameters affecting the crystallization (and/or the solubility) of 
macromolecules (Ducruix and Giege, 1999). 
Intrinsic physico-chemical parameters 
• Supersaturation (concentration of macromolecules and precipitants) 
• Temperature, pH (fluctuations of these parameters) 
• Time (rates of equilibration and of growth) 
• Ionic strength and purity of chemicals (nature of precipitant, buffer, 
additives) 
• Diffusion and convection (gels, microgravity) 
• Volume and geometry of samples and set-ups (surface of crystallization 
chambers) 
• Solid particles, wall and interface effects (e.g. homogeneous versus 
heterogeneous nucleation, epitaxy) 
• Density and viscosity effects (differences between crystal and mother 
liquor) 
• Pressure, electric and magnetic fields 
• Vibrations and sound (acoustic waves) 
• Sequence of events (experimentalist versus robot) 
 
Biochemical and biophysical parameters 
• Sensitivity of conformations of physical parameters (e.g. temperature, pH, 
ionic strength, solvents) 
• Binding of ligands (e.g. substrates, cofactors, metal ions, other ions) 
• Specific additives (e.g. reducing agents, nonionic detergents, polyamines) 
related with properties of macromolecules (e.g. oxidation, hydrphilicity 
versus hydrophobicity, polyelectrolyte nature of nucleic acids) 
• Ageing of samples (redox effects, denaturation, or degradation) 
 
Biological parameters 
• Rarity of most biological macromolecules 
• Biological sources and physiological state of organism or cells(e.g. 
thermophiles versus halophiles or mesophiles, growing versus stationary 
phase) 
• Bacterial contaminants 
 
Purity of macromolecules 
• Macromolecular contaminants(odd macromolecules or small molecules) 
• Sequence (micro) heterogeneities (e.g. fragmentation by proteases or 
nucleases-fragmented macromolecules may better crystallize, partial or 
heterogeneous posttranslational modifications) 
• Conformational (micro) heterogeneities (e.g. flexible domains, oligomer 
and conformer equilibria, aggregation, denaturation) 
• Batch effects (two batches are not identical) 
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(PEG), organic solvents and deionized water etc. (McPherson, 1990). 
1.3.2 Purity 
Because macromolecules are extracted from complex biological mixtures, 
purification plays an extremely important role in crystallogenesis. Purity, however, 
is not an absolute requirement since crystals of proteins can sometimes be 
obtained from mixtures. But such crystals are mostly small or grow as 
polycrystalline masses, are not well shaped, are of bad diffraction quality, and thus 
cannot be used for diffraction studies. However, crystallization of proteins from 
mixtures may be used as a tool for purification (Mittl et al., 1997), especially in 
industry (Scott et al., 1995). For the purpose of X-ray crystallography, high quality 
single crystals of appreciable size (0.1mm at least for the dimension of a face) are 
needed. It is believed that poor purity is the most common cause of unsuccessful 
crystallization, and for crystallogenesis the purity requirements of proteins have to 
be higher than in other fields of molecular biology.  
1.3.3 Solubility and supersaturation 
To grow crystals of any compound, molecules have to be brought in a 
supersaturated, thermodynamically unstable state, which may develop in a 
crystalline or amorphous phase when it returns to equilibrium. Supersaturation can 
be achieved by slow evaporation of the solvent or by varying parameters. From 
this it follows that knowledge of protein solubility is a prerequisite for controlling 
crystallization conditions. However, the theoretical background underlying 
solubility is still controversial, especially regarding salt effects (Hames and 
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Rickwood, 1990), so that solubility data almost always originate from 
experimental determinations. Specific quantitative methods permitting such 
determinations on small proteins samples are available (Righetti et al., 1988; 
Karger and Hancock, 1996; Muddiman et al., 1997). The main output was the 
experimental demonstration of the complexity of solubility behaviours, 
emphasizing the importance of phase diagram determinations for a rational design 
of crystal growth. 
As to the nature of the salt used to reach supersaturation, ammonium sulfate is 
frequently chosen by crystal growers (Ries-Kautt et al., 1994). This usage is in 
fact incidental and results from the practices of biochemists for salting-out 
proteins. Indeed many other salts can be employed, but their effectiveness for 
inducing crystallization is variable (Karger and Hancock, 1996). The practical 
consequence is that protein supersaturation can be reached or changed in a large 
concentration range of protein and salt, provided that adequate salts are used.  
1.3.4 Nucleation, growth and cessation of growth 
Crystallization starts with a nucleation stage (i.e. the formation of the first ordered 
aggregates) which is followed by a crystal growth stage. It should be noticed that 
nucleation requires a greater supersaturation than growth, and that crystallization 
rates increase when supersaturation increases. The crystal size may be very small 
because large amount of nucleus show up in a short time. Thus nucleation and 
growth should be uncoupled, which is almost never done consciously but occurs 
sometimes under uncontrolled laboratory conditions. From a practical point of 
view, interface or wall effects as well as shape and volume of drops can affect 
nucleation or growth, and consequently the geometry of crystallization chambers 
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or drops has to be defined.  
Cessation of growth can have several causes. Apart from trivial ones, like 
depletion of the proteins from the crystallizing media, it can result from growth 
defects, poisoning of the faces, or ageing of the molecules. Better control of 
growth conditions, in particular of the flow of molecules around the crystals, may 
in some cases overcome the drawbacks as was shown in microgravity experiments 
(Stoscheck, 1990; Pace et al., 1995). 
1.3.5 Packing 
With biological macromolecules, crystal quality may be correlated with the 
packing of the molecules within the crystalline lattices, and external crystal 
morphology with internal structure. In most cases, the final product is not a single 
crystal but spherulite or amorphous aggregation (Figure 1.4). Unlike simple 
crystal, protein molecules in crystal have certain orientation and configuration. 
Because of the complicated interactions between protein molecules, it is hard for 
the adsorbed protein molecules to find an optimal orientation and configuration to 
be incorporated into crystal. 
1.4 Some Milestones in Research of Protein Crystallization 
In view of the substantive factors influencing protein crystallization, much 
progress has been made to understand the mechanism of protein crystallization. 
The solubilities of lysozyme and concanavalin A, which are key model proteins in 
the study of protein crystallization, have been thoroughly studied. (Cacioppo and 
Pusey, 1991; Howard et al, 1988; Mikol and Giegè, 1989). It was found that the 




Figure 1.4 Morphologies of protein crystallization. (a) single protein crystal; (b) 
spherulite; (c) amorphous aggregate. In most cases of protein crystallization, amorphous 
aggregation occurs instead of protein crystallization. 
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solubility of protein changed with the concentration of precipitate exponentially. 
The relationship between the solubility and the protein molecular interactions has 
also been investigated by light scattering techniques (Curtis et al, 1998; Chiew et 
al, 1995). Some works on the kinetics of protein crystallization have been done 
too. The nucleation kinetics of protein crystallization compared with the liquid 
droplet was studied by Vekilov and Galkin (2000). It was found that classical 
nucleation theory was not very suitable for the protein system. Protein 
crystallization under the effect of external fields was investigated to show that the 
external field could influence both the nucleation rate and crystal growth rate 
(Nanev and Penkova, 2001 & 2002; Taleb et al., 1999 & 2001). Besides that, some 
protein crystallizing agents have also been investigated, such as nonionic 
surfactant and polymers etc. (Mustafa, 1998).  
1.4.1 Nonionic surfactant as protein crystallizing agent 
Nonionic surfactant has been widely used in crystallizing membrane protein since 
two membrane proteins, bacteriorchodopsin and porin (Michel and Oesterhelt, 
1980; Garavito and Rosenbush, 1980), were successfully crystallized for the first 
time in 1980. The effect of nonionic surfactant on the crystallization of membrane 
proteins has been investigated by McPherson et al. (1986). They suggested that 
the hydrophobic interactions between molecules could be reduced in the presence 
of nonionic surfactant. These hydrophobic forces are generally nonspecific and 
without stringent geometrical constraints. When hydrophobic forces are screened 
by the adsorption of nonionic surfactant, the ionic and electrostatic interactions 
might be made to prevail or at least be enhanced so as to promote crystallization.  




Figure 1.5 Crystals of soluble proteins grown from nonionic surfactants. (a) Lysozyme 
crystals grown from a 30% C8E4; (b) Ferritin crystals grown from a 10% C8E4 solution; (c) 
Ubiquitin crystal grown from a 10% C6E5EO5 solution; (d) Catalas crystals grown from a 
20% C8E4 solution; (e) Ribonucleas A crystals grown from a 20% C8E4 solution. Scale bar 
represents 100 µm (Mustafa et al, 1998). 
Since soluble protein shares the same aggregation problem with membrane protein 
in solution, Mustafa et al tried to use nonionic surfactant to crystallize soluble 
proteins in 1998. Three kinds of nonionic surfactants in crystallizing proteins, 
including some membrane proteins, were investigated. Of the eight soluble 
proteins screened, five were successfully crystallized at the first attempt (Figure 
1.5). 
Loll et al. (2001) further suggested that cloud point may facilitate the protein 
crystallization using nonionic surfactant. Surfactant micelles adsorb on the waist-
like hydrophobic part of membrane proteins. As shown in Figure 1.6, far from the 
cloud point, forces between the surfaces of micellar groups on adjacent complexes  




Figure 1.6 Schematic representation of the effects of micelle-micelle interactions upon 
the crystallization behavior of membrane protein-detergent complexes (Loll et al, 2001).  
are not attractive, precluding close contacts. Once the consolute boundary is 
crossed, the solution separates into two phases, with the membrane proteins 
partitioning into the detergent-rich phase. This may denature the protein; in 
addition, irreproducible nucleation may result from the presence of two distinct 
fluid phases. Only when conditions approach but do not exceed the cloud point 
can the small intermicellar attractive forces allow close approach of the complexes 
to one another without the negative effects of phase separation.  
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Their work shed light on the investigation of nonionic surfactant as crystallizing 
agent for protein crystallization and the possible mechanism of protein 
crystallization. However, no systematic study has been done so far on the soluble 
protein interaction in the presence of nonionic surfactant so far. The interaction 
between protein molecules needs to be investigated to explain the mechanism of 
protein crystallization in the presence of nonionic surfactant. 
1.4.2 Prediction of protein crystallization 
George and Wilson (1994) demonstrated the importance of protein-protein 
interaction characterized by the osmotic second virial coefficient, B22 in protein 
crystallization behavior. Its value depends on the effective interaction between a 
pair of macromolecules in solution – a positive value reflecting predominantly 
repulsive interactions and a negative value indicating attractive interactions 
(Figure 1.7). A necessary condition for protein crystallization is that B22 lies in a 
crystallization window, -8 × 10-4 < B22 < -2 × 10-4 ml mol/g2 (Figure 1.8). When 
B22 is out of this window, either noncrystallization or amorphous aggregation 
would be obtained. In view of the interest of predicting crystallization without 
performing screening experiments, a lot of works have been done on the studies of 
protein crystallization and second virial coefficient, B22, since 1994 (Muschol and 
Rosenberger, 1995; Neal et al., 1999; Narayanan and Liu, 2003). The techniques 
they used include static light scattering, dynamic light scattering and small angle 
X-ray scattering etc. Both the protein interactions in undersaturated and 
supersaturated solutions had been investigated.  
However, the B22 criterion determines biomacromolecule crystallization only 
partially. The B22 criterion considers only interactions between protein molecules 











Figure 1.8 Crystallization window defined by the second virial coefficient.  
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in the process of protein crystallization. On the other hand, crystallization is a 
kinetic process which is determined by nucleation and growth kinetics (Liu, 1999). 
In other words, the crystallization window provided by the second virial 
coefficient disregards kinetic and other factors, which are unrelated to 
intermolecular interactions but nevertheless influence crystallization. Therefore, a 
new protein crystallization prediction criterion considering the kinetics of protein 
crystallization needs to be developed.  
1.4.3 Kinetics of protein nucleation and growth 
Kinetics refers to the way protein molecules move in a solution, the rate at which 
they are transported, and the way they are incorporated in the protein crystals at 
the crystal surface. Protein has complicated shape and orientation in the crystal. 
As a consequence, the crystallization of protein, involving a nucleation and 
growth process, is determined to a large extent by kinetics. Therefore, the kinetics 
of incorporating protein molecules into the kink site at the surface of protein 
crystal “embryos” should be taken into account. (Embryos are meta-stable clusters 
of structural units with a broad distribution of size). In this regard, the kink 
integration is of significant importance in controlling protein nucleation and 
crystal growth.  
In 1995, using satellite tobacco mosaic virus (STMV) and canavalin as model 
proteins, Land and Malkin investigated the growth dynamics and morphology of 
protein crystal in real time on the nanometer scale by in situ Atomic Force 
Microscopy (AFM). It was confirmed that the growth of protein crystallization is 
normally governed by a layer by layer mechanism. Two dimensional nucleation 
formed stacks of island on the surface of crystal and spread to grow a new layer.  






Figure 1.9 Illustration of the protein aggregation kinetics. (a) When the average 
relaxation rate vr is slightly slower than the transport rate vt, the protein molecules have a 
chance to reach the global energy minimum and form ordered compact structures, i.e., 
nuclei; (b) When vr<<vt, there is almost no relaxation. Gel or amorphous structures 
preferably form (Zhang and Liu, 2003). 
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Moreover, critical radius size of the islands and critical free energy of the steps 
need to be overcome for the nucleus to grow.  
After overcoming the critical free energy, the nucleus have two ways to grow: 
crystallization or amorphous aggregation. Considering protein-protein interactions, 
Zhang and Liu (2003) proposed a new model of protein aggregation kinetics. In 
their research, the mutual diffusion coefficient of dilute lysozyme solution was 
measured by the dynamic light scattering technique. As shown in Figure 1.9 it was 
supposed that when the average relaxation rate was slightly slower than the 
transport rate, the protein molecules had a chance to reach the global energy 
minimum and form ordered compact structures, i.e., nuclei. Otherwise, there was 
almost no relaxation. Gel or amorphous structures preferably formed.  
Their work shed light on the study of kinetics of protein crystallization based on 
two-dimensional assembly kinetics. The prediction of protein crystallization can 
be more reliable and reasonable if kinetics factors are considered. Unfortunately, 
no such systematic work has been done so far. 
1.5 Problems  
In summary, as a crystallizing agent, nonionic surfactant has positive effect in 
crystallizing protein. However, the mechanism of protein crystallization with 
nonionic surfactants is still unclear. Fortunately, the second virial coefficient 
provides a convenient way to study the interactions between protein molecules. 
This provides us a method to investigate the mechanism of protein crystallization 
in the presence of nonionic surfactant from the view of protein interactions. 
In predicting protein crystallization, determination of second virial coefficient has 
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the advantage of using small amount of materials to find the solution conditions 
for the crystallization window. However, it disregards the kinetics of protein 
crystallization and thus remains an unreliable prediction method. Therefore, a new 
prediction criterion based on the kinetics of protein crystallization is needed. 
Although some work has been done on the understanding of the reason for 
amorphous aggregation, no certain prediction criterion has been proposed.  
1.6 Objectives 
The purpose of this thesis is to understand the mechanism of protein 
crystallization and develop a prediction criterion based on the kinetics of protein 
crystallization. Five objectives are outlined below to achieve this purpose. 
1. To investigate the crystallization mechanism for a model protein system in 
the presence of nonionic surfactant. 
2. To study the protein self-assembly at the air/water interface in relation to 
protein crystallization. 
3. To study the kinetics of two-dimensional self-assembly for a model protein 
system. 
4. To exam the kinetics of protein three-dimensional crystallization based on the 
kinetics of two-dimensional surface assembly and its relationship to the 
protein crystallization conditions. 
5. To propose a criterion on predicting protein crystallization conditions based 
on protein self-assembly kinetics. 
1.7 Scope 
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The accomplishment of this study has both theoretical and practical significance. 
Theoretically, as macromolecules, protein crystallization is different from small 
molecule crystallization in both thermodynamics and kinetics. The clarification of 
the kinetics of protein crystallization may contribute to the fundamental theory on 
crystallization. 
Practically, the prediction criterion proposed would have huge industrial 
application on crystallizing new proteins by decreasing the screening range. 
Furthermore, the understanding of the mechanism of the protein crystallization in 
the presence of nonionic surfactant may lead to the rational design of unusual 
crystallization conditions for protein that fail to crystallize with conventional 
methods. Therefore, the crystallization of unknown protein will be more efficient 
and economical.  
To achieve the objectives, a series of techniques were employed. The principles of 
these techniques and their suitability in our research will be discussed in the 
following chapter.  




MATERIALS AND METHODS 
2.1 Materials 
2.1.1 Proteins 
Hen egg white lysozyme of molecular weight, Mw, about 14.3 KDa (purified six 
times by crystallization) was purchased from Seikagaku (MA, USA). Bovine 
Serum Albumin (BSA) with Mw about 66 KDa and concanavalin A (con A) with 
Mw about 23 KDa were purchased from Sigma (USA). All these proteins were 
used without further purification.  
2.1.2 Surfactant 
Nonionic surfactant, tetraoxyethylene glycol monooctyl ether (C8E4), used in this 
research was purchased from Sigma (USA). The chemical formula of C8E4 is 
CH3(CH2)7(OCH2CH2)4OH with structure shown in Figure 2.1. This is a linear 
molecule with molecular weight of 306.44 Da. The surfactant was used as 
purchased.  
2.1.3 Salts and Buffers 
Analytical grade salts, sodium acetate (NaAc), sodium chloride (NaCl), 
hydrochloric acid (HCl), Acetic Acid (HAc), ammonium sulfate ((NH4)2SO4) and 
sodium hydroxide (NaOH) were purchased from Merck. NaAc was used to 
prepare buffer of 50 mM and 100 mM at pH 4.5. The pH values were adjusted by 





Figure 2.1 Formula of tetraoxyethylene glycol monooctyl ether. 
adding small amount of HAc and NaOH. NaCl and (NH4)2SO4 were used as 
precipitants or crystallizing agents in protein crystallization. High purity deionized 
water (~18.2 MΩ) from Millipore Milli-Q system (0.22 µm) was used for 
preparing buffer. 50 mM Tris-Ac buffer at pH 7.0 and 50 mM Potassium 
phosphate buffer at pH 6.2 were also used in different experiments as needed.  
2.2 Techniques 
2.2.1 Protein Crystallization 
Phase Diagram 
The phase behavior of protein solutions is explained in Figure 2.2. At low protein 
concentrations a protein solution is thermodynamically stable. An increase in 
concentration of a precipitant, such as salt or polyethylene glycol (PEG), drives 
the protein into a region of the phase diagram where the solution is supersaturated 
and protein crystals are stable. In this region there is a free energy barrier to 
nucleation of protein crystals. When the supersaturation is high enough, the 
nucleation barrier is overcome and nucleation occurs.  
The solubility line delimits the under- and supersaturated zones. The solubility  




Figure 2.2 Generic phase diagram for protein crystallization illustrating free interface 
diffusion, vapor diffusion and batch methods (Ducruix and Giege, 1999).  
corresponds to the equilibrium conditions: additional crystalline macromolecule 
does not dissolve, but adding reservoir solution without the macromolecule leads 
to the dissolution of the macromolecular crystals. Below the solubility curve the 
solution is undersaturated, the system is thermodynamically stable, and the 
biological macromolecule will never crystallize. Above the solubility curve, the 
concentration of the biological macromolecule is higher than the concentration at 
equilibrium. This corresponds to the supersaturation zone. Precipitation occurs at 
very high supersaturation. Insoluble macromolecules rapidly separate from the 
solution in an amorphous state. At a sufficient supersaturation, nucleation 
spontaneously occurs, once critical activation free energy is overcome. This is 
called homogeneous nucleation. In the metastable zone, the critical 
supersaturation is not yet reached. Spontaneous nucleation does not occur, unless 
it is induced by vibration or introduction of a particle which will promote  






Figure 2.3 Protein crystallization methods. (a) Vapor diffusion method; (b) Microbatch 
method; (c) Free interface diffusion method. (Figures (a) and (b) taken from 
http://www.innovadyne.com/apps_crystallography.html. Figure (c) taken from 
http://www.fluidigm.com/gloss_FID.htm). 
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heterogeneous nucleation.  
Crystallization Methods 
For protein crystallization, the most widely used methods are vapor diffusion, free 
interface diffusion and batch methods (Figure 2.3) (McPherson, 1985; Giege, 
1987; McPherson, 1990).  
The crystallization processes for these different methods are shown in Figure 2.2. 
The free interface diffusion crystallization is shown as a dashed line. Initially the 
protein solution and salt solution are separated by a valve. After opening the valve, 
salt rapidly diffuses into the protein side, while the protein diffuses into the salt 
side at a slower rate. Initially, the protein solution is stable, then as salt rapidly 
diffuses into the protein side the solution moves deep into the metastable region 
where the nucleation rate is high. As protein slowly diffuses out of the protein side 
the solution finally reaches equilibrium composition where crystal growth is slow.  
The vapor diffusion process follows the black arrow in Figure 2.2 while for batch 
processes (the isolated quinquangular dot) the average solution composition is 
fixed. Obviously, in both interface diffusion and vapor diffusion methods, the 
protein concentration changes with time because of the water diffusion or 
evaporation. For batch method, the protein concentration remains as a constant in 
the process of protein crystallization. 
Experimental Procedure 
In our protein crystallization in the presence of nonionic surfactant, batch method 
was employed to fix the protein concentration at a constant value. Hen egg white 
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lysozyme was used as a model protein and nonionic surfactant C8E4 as the 
crystallizing agent. The sample volume was 40 µl.  100 mM NaAc buffer at pH 
4.5 was used as the solvent. Lysozyme was dissolved in the buffer, and filtered 
(0.2 µm) to make a protein stock solution and was kept in the refrigerator at 4oC 
for further use. Protein stock solution, C8E4 and buffer were mixed together in 
required stoichiometric ratios to obtain the desired concentration of the protein 
and surfactant for the experiments. The mixture of C8E4/lysozyme solutions were 
kept in the eppendorf tubes with the cap sealed by parafilm. The samples were 
kept in water bath at 20oC. Observation was made under microscope periodically.  
2.2.2 Static Light Scattering (SLS) 
In 1869 Tyndall studied the phenomenon of the scattering by particles in colloidal 
solution and he demonstrated that if the incident light is polarized, scattering is 
visible in only one plane. In 1871 Rayleigh derived an equation that showed the 
scattering to be inversely proportional to the fourth power of the wavelength of 
the incident light. Then in 1944 and 1947 Debye suggested that the measurement 
of light scattering intensity could be used to determine the molecular weight of a 
macromolecule in dilute solutions and also to determine its size and shape. Since 
then light scattering has become an important tool in the study of the behavior of 
macromolecules in solutions (Sun, 1994).  
Principles of SLS 
Small particles such as colloids and macromolecules suspended in vacuum can 
scatter the light. The scattered radiation has the same frequency as that of the 
incident radiation as shown in Figure 2.4. This mechanism of scattering is called  




Figure 2.4 The Rayleigh scattering model. The scattered light has the same wavelength as 
that of incident light (Sun 1994). 
Rayleigh scattering. If the incident light is polarized, scattering is visible in only 
one plane. As the incident light hits the molecules, the distribution of the electrons  
in the molecule is distorted, resulting in the polarization of the molecule, which 
acts as an oscillating dipole. The ratio of the intensity of scattered light I over the 








Ir ,                                                    (2.1) 
where a is the polarizability of the molecule, l the wavelength of the light, r the 
distance of the dipole from the observer and q is the angle between the dipole axis 
and the line r. This equation is called the Rayleigh equation for plane polarized 
light.  
The Rayleigh scattering equation is applicable to gases where molecules move at 
random and in near chaos. In a liquid solution, the molecules are far from being 
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independent of one another, but unlike crystals, liquids are not well ordered either. 
Instead, there is a fluctuation in the concentration of a given volume element. The 
fluctuation of the concentration results in the fluctuation of polarizability a. 













θπ= ,                                        (2.2) 
where n is the refractive index of the medium, dn/dc the differential refractive 
index, Mw the molecular weight, c the molecular concentration and NA the 
Avogadro number. 
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This equation is for plane polarized incident light, and appreciable for small 
molecules of size < l/20, for which angular dependence of scattered intensity is  





Figure 2.5 Determination of the molecular weight and the second virial coefficient (Sun, 
1994). 
  
Figure 2.6 Brookhaven light scattering instrument. 












,                                             (2.6) 
where B22 is called the second virial coefficient, B3 the third virial coefficient etc. 







21 += .                                                  (2.7) 
Eq. 2.7 indicates that from a plot of Kc/R90 versus c, the molecular weight of the 
protein Mw can be obtained from the intercept and the second virial coefficient, 
B22, is half of the slope of the curve, as shown in Figure 2.5. 
Experimental Procedure 
In our experiments, all light scattering measurements were performed at 20oC 
using a Brookhaven light scattering instrument with BI 9000AT correlator as 
shown in Figure 2.6. A schematic diagram of the SLS measurement system is 
shown in Figure 2.7. The light source was a 5 mW He-Ne laser with wavelength, λ, 
of 632.8 nm and vertical polarization. Since the molecular size of each of the 
samples used was smaller than λ/20, no angular dependence for the excess 
scattered intensity was expected and all light scattering data were recorded at an 
angle of 90o. The absolute 90R  values were determined from the excess scattered 
intensities (intensities above that due to solvent, which in our case is the 0.1M  




Figure 2.7 Top view of the geometry around the sample cell in a static light scattering 
system. The wave vector ki of the incident beam changes to ks when scattered. Two 
pinholes or two slits specify the scattering angle. The inset defines the scattering wave 
vector k (Teraoka, 2002). 
NaAc with/without added surfactant, and background) by calibration of the 
photometer using toluene as standard, which gives R90 as 14×10-6 cm-1 at l=632.8 
nm. The protein concentrations used in our study were less than 10 mg/ml. 
2.2.3 Dynamic Light Scattering (DLS) 
Like conventional light scattering, Dynamic Light Scattering (DLS) can be used 
successfully to determine the molecular weight, size and shape of macromolecules. 
But more important, dynamic light scattering is a powerful tool that can measure 
the diffusion coefficient in a more elegant manner than many other classical tools. 




Figure 2.8 Dynamic light scattering measurement system. The pulse-amplifier 
discriminator converts the analog signal of the photodetector, I(t) into a digital signal, 
which is further converted by the autocorrelator into the autocorrelation function of the 
signal (Teraoka, 2002). 
Principles of DLS 
Motions of macromolecules in solution can be conveniently studied by dynamic 
light scattering. Unlike its static version, DLS does not rely on the excess 
scattering. The signal from the slowly moving macromolecules is unambiguously 
separated from the signal that originates from the rest of the solution. As shown in 
Figure 2.8, a DLS system requires an autocorrelator on top of a regular SLS 
system. The light scattering intensity from the macromolecular solution is not a 
constant. Figure 2.9a illustrate how the intensity, I, varies with time, t. I(t) 
fluctuates around its mean <I>. It may appear completely random and therefore 
meaningless, but it is not. Motions of the macromolecules and the solvent 
molecules contribute to a change of I(t) with time. The noisy signal then carries 
the information of the motions and other fluctuations. The autocorrelator uncovers  






Figure 2.9 (a) Light scattering intensity I(t) fluctuates around its mean <I>; (b) 
Autocorrelation function <I(t)I(t+t)> is obtained as the long-time average of I(t)I(t+t) 
with respect to t for various delay times t. The autocorrelation function decays from <I2> 
to <I>2 over time. The amplitude of the decaying component is <∆I2> (Teraoka, 2002). 
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the embedded information.  
The autocorrelation function of I(t) in Figure 2.9a is shown in Figure 2.9b. When 
>>=<+<= 2)()(,0 ItItI ττ . With an increasing t, I(t+t) become more irrelevant 
to I(t), and <I(t)I(t+t)>decays to an asymptotic level called a baseline. The 
baseline level is <I>2; when I(t+t) and I(t) are irrelevant, 
<I(t)I(t+ t)>=<I(t)><I(t+ t)>=<I>2. 
The normalized intensity autocorrelation function of the scattered light, 
2)2( /)0,(),(),( IqItqItqg = , is measured and is used to calculate the 
normalized time correlation function of the scattered electric field, 
2*)1( /)0,(),(),( EqEtqEtqg = . For a Gaussian signal, the Seigert relation, 
2)1()2( ),(1),( tqgftqg += holds, where the coherence factor, f , measures the 
degree of coherence of the scattered light. Here, q is the wave vector (denoted by 
k in Figure 2.7) which is given by ),2/sin(4 0 θλ
πnq =  where θ  is the scattering 
angle. For monodisperse, rigid, globular scatterers, ),exp(),()1( ttqg Γ−=  Γ  being 
the decay or the relaxation rate. 
2qDm=Γ ,                                                           (2.8) 
where mD  is the mutual diffusion coefficient which is concentration dependent. 
For dilute solutions,  
)1()( 0 ckDcD dm += .                                                (2.9) 
The parameter 0D  is related to HR , the hydrodynamic radius of scatterers and η , 
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TkD πη60 = .                                                    (2.10) 
The parameter dk  can be expressed as  
ν22 22 −−= fwd kBMk ,                                          (2.11) 
where fk  is the coefficient of the linear term in the development of the friction 
coefficient factor and ν  is the partial specific volume of the protein molecule. fk  
can be determined from self-diffusion measurements using pulsed gradient spin-
echo (PGSE) NMR. Combining Eq. 2.9 and Eq. 2.11, the self diffusion coefficient 
D0 can be obtained from the intercept of linear regression plot of Dm versus c. 
Moreover, because both kf and ν are always positive, a positive kd indicates a 
positive B22 while a negative B22 gives negative values for kd. 
Experimental Procedure 
In our experiments, Brookhaven light scattering instrument (Figure 2.6) was used. 
The power of Brookhaven light scattering instrument was 5 mW. A higher 
intensity laser could give more precise results. In our experiment, to increase the 
detection sensitivity at low protein concentrations, the pin hole was set at 400 µm. 
By this way, a system error of less than 10% was observed at low protein 
concentration. A linear correlator of 200 channels was selected. The correlation 
decay was monitored from 5 µs to 1 ms averaged over 2 min duration. The 
scattering angle, θ was 90o. All the measurements were performed at 20oC. The 
samples were the same as those used in SLS study.  
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2.2.4 Refractive Index Increment (dn/dc) 
Refractive index of solvent and refractive index increment of samples (dn/dc) are 
prerequisites of the data analysis of static light scattering, from which the protein 
interaction and protein molecular weight can be obtained.  
Refractive Index 
The speed of light in a vacuum is always the same, but when light moves through 
any other medium it travels more slowly since it is constantly being absorbed and 
reemitted by the atoms in the material. The ratio of the speed of light in a vacuum, 
c, to the speed of light in another substance, v, is defined as the index of refraction 
or refractive index, n for the substance. Whenever light changes speed as it crosses 
a boundary from one medium into another, its direction of travel also changes, i.e., 
it is refracted (Figure 2.10). The relationship between light’s speed in the two 
media (vA and vB), the angles of incidence, θA, and refraction, θB, and the refractive 













sin .                                                      (2.12) 
Thus it is not necessary to measure the speed of light in a sample in order to 
determine its index of refraction. Instead, by measuring the angle of refraction, 
and knowing the index of refraction of the layer that is in contact with the sample, 
it is possible to determine the refractive index of the sample quite accurately. 
Measurement Principles 
In the Abbe refractometer the liquid sample is sandwiched into a thin layer  




Figure 2.10 Light crossing from any transparent medium into another in which it has a 
different speed, is refracted, i.e., bent from its original path (except when the direction of 
travel is perpendicular to the boundary). In the case shown, the speed of light in medium 
A is greater than the speed of light in medium B (Figure taken from 
http://www2.ups.edu/faculty/hanson/labtechniques/refractometry/theory.htm). 
 
Figure 2.11 Cross section of part of the optical path of an Abbe refractometer. The 
sample thickness has been exaggerated for clarity (Figure taken from 
http://www2.ups.edu/faculty/hanson/labtechniques/refractometry/theory.htm). 
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between an illuminating prism and a refracting prism (Figure 2.11). The refracting 
prism is made of a glass with a high refractive index (e.g., 1.75) and the 
refractometer is designed to be used with samples having a refractive index 
smaller than that of the refracting prism. A light source is projected through the 
illuminating prism, the bottom surface of which is ground (i.e., roughened like a 
ground-glass joint), so each point on this surface can be thought of as generating 
light rays traveling in all directions. Inspection of Figure 2.11 shows that light 
traveling from point A to point B will have the largest angle of incidence (θi) and 
hence the largest possible angle of refraction (θr) for that sample. All other rays of 
light entering the refracting prism will have smaller θr and hence lie to the left of 
point C. Thus, a detector placed on the back side of the refracting prism would 
show a light region to the left and a dark region to the right.  
Samples with different refractive indices will produce different angles of 
refraction and this will be reflected in a change in the position of the borderline 
between the light and dark regions. By appropriately calibrating the scale, the 
position of the borderline can be used to determine the refractive index of any 
sample. If white light were used in the simple Abbe refractometer, dispersion 
would result in the light and dark borderline being in different places for different 
wavelengths of light. Therefore, the monochromatic light of 589 nm, the sodium 
D line is used.  
Experimental Procedure 
In our work, Abbe refractometer, T4 type (ATAGO, Tokyo, Japan) as shown in 
Figure 2.12a was used to measure the refractive index, n, of the mixed solution of 
lysozyme and C8E4 with an accuracy of 0.001. Figure 2.12b shows the reading  
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Figure 2.12 (a)Abbe T4 refractometer; (b) The reading panel of Abbe T4 refractometer. 
panel of Abbe T4 refractometer. The measurements were carried out at 20oC for a 
series of lysozyme concentration c, in the range 0 to 50 mg/ml in C8E4 solutions of 
different concentrations. The refractive index increment, dn/dc was obtained from 
the regression analysis of the plot of n versus c. 
2.2.5 Surface Tension 
Surface tension is defined as a free energy per unit area. It can also be thought of 
as a force per unit length. Customary units, then, may either be joules per square 
meter (J/m2) or Newtons per meter (N/m). Water, at room temperature, has a high 
surface tension in the range of 72 mN/m.  
Amphiphilic molecules such as surfactant and protein tend to be adsorbed at the 
liquid/vapor interface. A surface pressure is created as the external force applied 
per unit length of the barrier to prevent the monolayer from spreading over the 
clean air-water interface. The surface pressure is an intrinsic parameter, which 
does not depend on environmental conditions and should be determined by the 
surface density of amphiphilic molecules. The effects of the environment are 
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reflected in the so-called interfacial tension. The so-called surface tension is the 
sum of the intrinsic surface pressure and the environmental interfacial tension. So 
the measurement of surface tension can show the surface adsorption property of 
surface active molecules on the air/liquid interface. 
Properties of surfactant 
The word surfactant comes from surf(ace)-act(ive) a(ge)nt, i.e., surfactant is a 
kind of surface active substance. Surfactant is amphiphilic molecule containing a 
polar hydrophilic part and a nonpolar hydrophobic part as shown in Figure 2.13 
Since the entropic penalty for hydrating nonpolar molecules is high, the aqueous 
solution will seek ways to minimize contact with the hydrophobic parts of 
amphiphilic molecules. As a consequence, amphiphilic molecules will exhibit 
surface activity by adsorbing on the air/water interface and lower the surface 
tension. At a certain amphiphilic molecular concentration the surface is fully 
occupied and further addition of molecules will form micelles to bury the 
hydrophobic parts as shown in Figure 2.13. This concentration is defined as 
critical micellar concentration (CMC). In the region of CMC, sharp changes in 
surface tension will occur. 
Measurement Principles 
Surface tension of liquids can be measured using several methods such as drop 
weight method, ring method and Wilhelmy plate method etc. (Wilhelmy, 1863). 
Of these, the Wilhelmy plate method is a very simple method which needs no 
correction factors and is suited to check surface tension over long time intervals  




Figure 2.13 Surface tension as a function of amphiphilic molecule’s concentration, C. 
Sharp changes occur in the region of the critical micelle concentration (CMC).  
 
Figure 2.14 The experimental arrangement of Wilhelmy plate method (Figure taken from 
http://www.nima.co.uk/equipment/ps/ps4.htm).  
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(Jordan and Lane, 1964; Davies and Rideal, 1961).  
The basic observation is that a thin plate, such as a microscope cover glass or a 
piece of platinum foil, will support a meniscus whose weight both as measured 
statically or by detachment is given very accurately by the “ideal” equation 
(assuming zero contact angle):  
pWW platetot γ+= ,                                                  (2.13) 
where p is the perimeter, g the surface tension, Wtot and Wplate the weight by 
detachment and static respectively.  
A general equation is  
p
W∆=θγ cos ,                                               (2.14)   
where ∆W  is the change in weight of (i.e. force exerted by) the plate when it is 
brought into contact with the liquid. 
 The experimental arrangement is shown schematically in Figure 2.14. To use Eq. 
2.13 for the determination of the surface tension the contact angle has to be zero 
which means cosq=1 (total wetting). The roughened and cleaned platinum plate 
used does fulfill this requirement. 
Experimental Procedure 
In our measurements, surface tension was determined using the Wilhelmy plate 
method with a K14 Krüss tensiometer (accuracy 0.01 mN/m) (Krüss, Germany), 
as shown in Figure 2.15. The protein stock solution and salt stock solution were  




Figure 2.15 Krüss K14 tensiometer. 
prepared by dissolving protein or salt in buffer. The stock solutions were filtered 
through 0.22 mm and kept in refrigerator at 4oC for further use. The polydispersity 
of lysozyme in NaAc buffer was examined by Dynamic Light Scattering (DLS), 
giving polydispersity less than 5%. Therefore, the protein solution was regarded as 
a monodispersed protein solution.  
In the static surface tension measurement of surfactant with and without protein, 
the measurements were performed at 20oC by gradual increase of surfactant 
concentration. Appropriate volume of protein stock solution was added in order to 
keep the protein concentration constant while changing the surfactant 
concentration. The solution was stirred and allowed to rest for 10 min before each 
run of measurement. The equilibrium surface tension was calculated by averaging 
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10 data points collected at the end of each run until the standard deviation became 
less than 0.01 mN/m. All containers were cleaned by chromic acid to eliminate 
potential organic contaminations. 
In the dynamic surface tension measurements, a cylindrical Wilhelmy plate was 
used.  The tensiometer trough (diameter 2 cm and height 1cm) was placed in a 
circulating water bath maintained at 23±0.5oC. The solutions of 3 ml were mixed 
with protein and salt stock solutions right before the measurement. The change of 
the interfacial tension was recorded at one minute intervals after mixing the 
solution for the maximum duration that the machine can sustain, which is 24 hours. 
The experimental sample chamber was saturated with pure water vapor to keep 
consistently a humid environment, minimizing water evaporation. The whole 
experiment setup was placed on a solid bench to minimize the micro convection at 
the air-solution interface. All containers used in this experiment were cleaned by 
chromic acid. 
2.2.6 Fluorescence Spectroscopy 
Fluorescence spectroscopy is one of the most widely used spectroscopic 
techniques in the fields of biochemistry and molecular biophysics today.  
The Fluorescence Process 
Fluorescence is the result of a three-stage process that occurs in certain molecules 
called fluorophores or fluorescent dyes. A fluorescent probe is a fluorophore 
designed to localize within a specific region of a biological specimen or to 
respond to a specific stimulus. The process responsible for the fluorescence of  




Figure 2.16 Principles of fluorescence: Jablonski diagram (Figure taken from 
http://probes.invitrogen.com/handbook/images/g000100.gif). 
fluorescent probes and other fluorophores is illustrated by the simple electronic-
state diagram (Jablonski diagram) shown in Figure 2.16. 
Stage 1: Excitation A photon of energy hnEX is supplied by an external source 
such as an incandescent lamp or a laser and absorbed by the fluorophore, creating 
an excited electronic singlet state (S1’). 
Stage 2: Excited – State lifetime The excited state exists for a finite time (typically 
1-10 nanoseconds). During this time, the fluorophore undergoes conformational 
changes and is also subject to a multitude of possible interactions with its 
molecular environment. These processes have two important consequences. First, 
the energy of S1’ is partially dissipated, yielding a relaxed singlet excited state (S1) 
from which fluorescence emission originates. Second, not all the molecules 
initially excited by absorption (Stage 1) return to the ground state (S0) by 
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fluorescence emission. Other processes such as collisional quenching, 
Fluorescence Resonance Energy Transfer (FRET) and intersystem crossing may 
also depopulate S1. The fluorescence quantum yield, which is the ratio of the 
number of fluorescence photons emitted to the number of photons absorbed, is a 
measure of the relative extent to which these processes occur. 
Stage 3: Fluorescence Emission A photon of energy hnEM is emitted, returning the 
fluorophore to its ground state S0. Due to energy dissipation during the excited-
state lifetime, the energy of this photon is lower, and therefore of longer 
wavelength, than the excitation photon hnEX. The difference in energy or 
wavelength represented by (hnEX - hnEM) is called the Stokes shift as shown in 
Figure 2.17. The Stokes shift is fundamental to the sensitivity of fluorescence 
techniques because it allows emission photons to be detected against a low 
background, isolated from excitation photons.  
Fluorescence in Protein 
The intrinsic chromophors in protein are tryptophan, tyrosine and phenylalanine 
residues. As shown in Figure 2.18, all these three amino acids contain ring 
structures in side chains. Tryptophan is the main fluorophore for its high quantum 
yield. For tryptophan residues in proteins, the range of Stoke shifts is extremely 
large. Since proteins provide an asymmetric, structured environment for the indole 
rings of the amino acids, the Stokes shift for a residue will depend on (1) the static 
polarity of the immediate microenvironment of the ring, and (2) the dynamic 
ability of polar groups (solvent molecules) in the microenvironment to undergo 
dipolar relaxation with the excited indole dipole (Permyakov, 1993). This wide 
range of maximum emission wavelength and high sensitivity have provided a  





Figure 2.17 Stokes shift in fluorescence emission (Figure taken from 
http://www.nationmaster.com/encyclopedia/Stokes-shift). 
 
Figure 2.18 Structure of intrinsic fluorophores in protein. 
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convenient means of gaining some information about the environment of the 
tryptophan residues and the protein conformational change according to external 
environment variation.  
Measurement of Fluorescence 
Fluorescence is commonly measured using a fluorescence spectrophotometer as 
shown Figure 2.19. Exciting light entering from the left is made monochromatic 
and is passed through a rotatable polarizer and defining slits before passing to the 
sample. Fluorescence emitted from the sample is viewed at an angle (commonly 
90o) to the excitation direction. Fluorescence is typically collected using a lens or 
ellipsoidal mirror (not shown) and passed through a second rotatable polarizer 
(also termed to the analyzer), a monochromator to define the wavelength of the 
emission and then passed to the detector, which may be a multiplier phototube 
photomultiplier or a solid state photodetector. Either analog detection (continuous 
current) or single-photon counting modes may be used to process the output signal. 
Each monochromator may be scanned over a wavelength range while the other 
monochromator is at a fixed wavelength to produce an excitation or an emission 
spectrum.  
Experimental Procedure 
In our experiments, fluorescence measurements were carried out with a Cary 
(Marvis, UK) spectrofluorometer as shown in Figure 2.20 at temperature, T=20oC. 
The concentration of lysozyme is fixed at 0.2 mg/ml, which gives an adsorption at 
280 nm as 0.7. The intensity of protein in C8E4 is obtained by subtraction of the 
intensity of C8E4 buffer. The scan step is 0.5 nm. The fluorescence curve is  





Figure 2.19 Schematic diagram showing a representative configuration of components of 
a spectrofluorometer (Sauer and Debreczeny, 1996). 
 
Figure 2.20 Cary spectrofluorometer. 
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smoothed by Fast Fourier Transfer (FFT) method. The peak position is determined 
at the zero deviation of the curve.  
2.2.7 Cloud Point 
Clouding phenomenon 
When a micellar solution of a nonionic surfactant is heated above its cloud point 
temperature (Tc), the micellar solution separates into surfactant-rich and 
surfactant-poor (dilute) phases. Subsequently, the solution becomes turbid as 
shown in Figure 2.21. The phase separation is attributed to the absence of long-
range electrostatic interactions between the nonionic aggregates and the 
decreasing hydration of the nonionic hydrophilic groups with increasing 
temperature (Smith et al, 1995). For polyoxyethylene surfactants, a plot of the 
cloud point temperature versus the surfactant concentration and the phase envelop 
is a lower consolute boundary. A schematic representation of the clouding 
phenomenon for nonionic surfactant solutions is given in Figure 2.22.  
Clouding phenomenon in protein crystallization 
It has been pointed out (Rosenbusch, 1990; Garavito and Picot, 1990) that many 
crystals of membrane protein-detergent complexes form near the cloud point of 
the detergent used. It is likely that this observation reflects the necessity of 
adjusting intermicellar potentials to some attractive value before protein-detergent 
complexes can assemble into a closely packed crystal lattice. The cloud point 
represents a point where the intermicellar potentials become very strongly 
attractive. As one moves away from the cloud point, the attractive intermicellar  







Figure 2.21 Cloud point of surfactant solution. 
 
Figure 2.22 Schematic representation of the lower consolute phase behavior of nonionic 
surfactant. 




Figure 2.23 High Performance Particle Sizer (HPPS). 
potentials become less strong. The need to be near the cloud point in order to 
produce crystals reflects the requirement that the micelle-micelle interactions be 
sufficiently attractive, but not too strongly so, in order to achieve crystal packing.  
Experimental procedure 
Since the aggregation of micelle results in increase of the size of scatterers in the 
solution, the light scattering intensity increase sharply at cloud point. In our 
experiments, the C8E4 solution with and without lysozyme was put into a 
disposable cuvette and sealed by parafilm. The samples were placed in the 
thermostat bath (±0.1oC) of High Performance Particle Sizer (HPPS) (Malvern, 
USA), employing a He-Ne laser (λ=632.8 nm) (Figure 2.23). The scattering angle 
was 173o. The temperature was successively increased by 0.5 degree and the 
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sample was equilibrated for 10 min at each temperature. The count rate, which is a 
measure of the scattered intensity, was monitored for 5 min at each set 
temperature and the average value was recorded.  
 





SOLUBLE PROTEIN CRYSTALLIZATION WITH 
NONIONIC SURFACTANT 
3.1 Introduction 
The difficulty of growing protein crystals of suitable size for X-ray 
crystallography is an impediment to molecular structure determination of proteins. 
In aqueous solutions, membrane proteins tend to form amorphous aggregates. In 
the presence of nonionic surfactant, membrane proteins maintain their 
physiological properties and functions and hence remain soluble. Most 
importantly, membrane proteins can still be crystallized by more or less 
conventional means within such an environment. Therefore, nonionic surfactants 
are widely used to crystallize membrane proteins since two membrane proteins, 
bacteriorchodopsin and porin, were successfully crystallized for the first time in 
1980 (Michel and Oesterhelt, 1980; Gravito and Rosenbush, 1980). Since soluble 
proteins share, to some extent, the aggregation problems of the membrane proteins, 
the mild nonionic surfactant may in fact also be of use in crystallizing them. A few 
groups have successfully crystallized soluble protein with nonionic surfactants 
(Mustafa et al, 1998; McPherson et al, 1986; George and Wilson, 1994). However, 
the mechanism of the soluble protein crystallization in the presence of nonionic 
surfactant still remains unclear.  
George and Wilson illustrated the importance of intermolecular interactions in the 
crystal growth of proteins (1994). The protein-protein interaction can be 




characterized by the osmotic second virial coefficient, B22. A positive value of B22 
refers to predominantly repulsive interactions and a negative value to attractive 
interactions. It has been suggested that an empirical criterion for soluble protein 
crystallization is -8×10-4 < B22 < -2×10-4 ml mol/g2.  Whether this criterion can be 
applied to crystallization of membrane proteins in the presence of nonionic 
surfactant has been investigated recently (Loll et al, 2001). However, it is also 
quite desirable to examine the mechanism of soluble protein crystallization in the 
presence of nonionic surfactant or other amphiphilic molecules.  
In this chapter, we investigate the mechanism of soluble protein crystallization in 
the presence of nonionic surfactant based on the protein interactions. Lysozyme 
has been used as a model protein and C8E4 as the nonionic surfactant. The validity 
of the B22 criterion will be discussed by comparing the predicted and experimental 
results. At the end, the origin of the change in protein interactions in the presence 
of nonionic surfactant is investigated in an effort to unravel the mechanism of 
crystallization. 
3.2 Crystallization 
A series of lysozyme concentrations from 40 mg/ml to 100 mg/ml and C8E4 
concentrations from 0.5% to 30% were screened for crystallization. The results are 
shown in Table 3.1. Irrespective of the protein concentration, no crystallization 
occurred in the 0.5% C8E4 solution and the solution remained clear even after 
three months. In 30% C8E4, lysozyme crystals appeared in all the trials (with 
lysozyme concentration larger than 40 mg/ml) in about one month. As shown in 
Figure 3.1, the crystals had a typical tetragonal morphology as that obtained in 




Table 3.1  Lysozyme crystallization results in the presence of C8E4. 





0.5% 40 -100 CS 
10% 50 - 100 CS/AA 
40 - 80 CS/AA 20% 
90 crystal 
30% 40 - 100 crystal 





Figure 3.1 Lysozyme crystals in 30% C8E4 solution. 




sodium chloride solutions at 20oC.  For the intermediate C8E4 concentration, 
amorphous aggregates and/or crystals were obtained at some protein 
concentrations. In some cases, crystals grew up from the amorphous aggregates. 
However, these cases were less reproducible.  
The crystallization of soluble proteins such as lysozyme, horse heart cytochrome c, 
bovine red blood cell ubiquitin etc., in the presence of nonionic surfactant, C8E4, 
has been investigated by Mustafa et al (1998). The same volume of C8E4 solution 
was layered on top of 5 µl protein solution and left unsealed at one end of the 
crystallization tube. The condition with initial lysozyme concentration of 80 
mg/ml and initial C8E4 concentration of 30% v/v at 283 K was found to be the 
optimal crystallization condition. More than 90% of the trials gave crystals under 
this condition while less than 50% for other conditions. Since these concentrations 
were those before mixing, the concentration after mixing corresponded to the bulk 
protein and C8E4 concentration as 40 mg/ml and 15% v/v, respectively. However, 
the samples were slowly concentrated by evaporation of water. Crystals were 
observed after 11 days with an evaporation rate of 0.5 µl d-1. Therefore, the bulk 
protein concentration was about 80 mg/ml and surfactant concentration about 30% 
v/v at the optimal crystallization condition.  
Our results show the same optimal crystallization condition as obtained by 
Mustafa et al in the batch method. Furthermore, in our study, the concentration of 
both protein and surfactant were fixed in crystallization trials by sealing the 
crystallization tube. This would benefit the study of protein molecular interactions 
by the light scattering experiment, the solvent condition being a known parameter.  




3.3 Protein Interactions 
3.3.1 Refractive index increment (dn/dc) 
The refractive index increment, dn/dc, is a prerequisite for the data analysis of 
static light scattering (vide Eq. 2.5 and Eq. 2.8). As shown in Table 3.2, the 
refractive index of the solvent (C8E4 in buffer), ns, increased with C8E4 
concentration gradually. In the case of buffer alone, ns was 1.335 while for 30% 
v/v C8E4, ns was 1.371. In the absence of C8E4, the dn/dc of lysozyme in buffer 
was 0.177 ml/g, consistent with that from literatures (Huglin, 1972; Narayanan 
and Liu 2003). In the presence of C8E4, the variation of dn/dc of lysozyme with 
C8E4 concentration was not very large for low surfactant concentrations, but at 
high C8E4 concentration, (30% v/v), the dn/dc decreased to 0.114 ml/g, about 60% 
of that without C8E4.  
We have to mention here that generally dialysis needs to be performed and the 
dialysate should be used for dn/dc and static light scattering measurements. This is 
to keep the chemical potential of all other solutes except protein a constant during 
these measurements. The dn/dc of protein in the presence of SDS (sodium dodecyl 
sulfate) has been studied earlier by other groups (Valstar et al, 1999 & 2000; gimel 
and Brown, 1996; Jones and Manley, 1979). Dialysis time varied from one day to 
several months. However, results show that the dialysis equilibrium is difficult to 
achieve even after several weeks and is a function of the cut-off size of the 
membrane used (Valstar et al, 2000). The dn/dc keeps increasing with time 
because the solution is not in equilibrium. The reason for the long equilibration 
time is the slow diffusion of surfactant. The micelles cannot pass through the  




Table 3.2 Refractive index and refractive index increment, dn/dc, of lysozyme in C8E4 
solution. 
Solvent ns dn/dc (ml/g) 
Buffer only 1.335 0.177 
0.5% C8E4 1.335 0.167 
5% C8E4 1.341 0.185 
10% C8E4 1.347 0.142 
20% C8E4 1.360 0.118 
30% C8E4 1.371 0.114 
ns: The refractive index of solvent (0.1M NaAc buffer at pH 4.5 with/without added 
surfactant C8E4). 
membrane. The higher the micelle concentration, longer is the time needed to 
reach equilibrium. In our crystallization trials very high surfactant concentrations 
were used. Hence we expected the same tendency of dn/dc in dialysis while using 
C8E4 solutions. Also huge amount of C8E4 is needed to perform dialysis. The 
dn/dc values reported here are at constant solute concentration rather than at 
constant chemical potential. Thus we estimate apparent rather than true molecular 
weights and second virial coefficients from static light scattering measurements. 
3.3.2 Static light scattering (SLS) 
Figure 3.2 shows the plot of Kc/R90 against the lysozyme concentration c, in the 
presence of different concentrations of C8E4. As per Eq. 2.7, the intercept 
corresponds to the reciprocal molecular weight of protein while the slope gives the 
value of second virial coefficient. The data do not coincide at a single point on the  


























 buffer        0.5% C8E4
 5% C8E4   10% C8E4
 20% C8E4  30% C8E4
 
Figure 3.2 Plot of Kc/R vs lysozyme concentration, c for different C8E4 concentrations. 
ordinate axis. The molecular weight for lysozyme in buffer is estimated to be 13.7 
KDa (Table 3.3), close to the value given by the manufacturer and literatures (14.3 
KDa). In the presence of C8E4, the estimated molecular weight of lysozyme is 
from 17.9 KDa to 46.8 KDa, much higher than that obtained in the absence of 
C8E4. Apart from the approximation in dn/dc values as discussed above, this large 
value of estimated molecular weight can be attributed to the adsorption of 
surfactant monomers on protein molecules. This adsorption has been confirmed by 
the surface tension measurements, which will be discussed later. The molecular 
weight of C8E4 monomer is 306 Da (Vanos et al, 1993). The increase of the 
molecular weight of protein indicates that about 70 C8E4 monomers are adsorbed. 
This number is less than the aggregation number of C8E4 micelle, which has been 
measured by PGNMR and found to be 85 (Faucompare and Lindman, 1987).  


























Figure 3.3 Second virial coefficient, B22, of lysozyme as a function of C8E4 concentration. 
The binding of nonionic surfactant on protein has been verified for bovine serum 
albumin (BSA) and is attributed to the hydrophobic interaction (Sukow et al, 
1980). It has been found that the strength of binding depends inversely on the 
number of oxyethylene units in the surfactant. The high number of C8E4 adsorbed 
on lysozyme may be because of the four oxyethylene units of C8E4.  
The second virial coefficients obtained from slopes are summarized in Table 3.3 
and plotted in Figure 3.3. For lysozyme in buffer, 0.5% and 5% C8E4, the B22 
values were positive and increased with C8E4 concentration, from 4.08×10-4 to 
233×10-4 ml mol/g2. This indicates an increase in repulsive interactions between 
protein molecules in the presence of small amounts of C8E4 which stabilizes the 
protein solution. When the C8E4 concentration increases to 10%, B22 started 




decreasing. In 20% and 30% C8E4, negative values were obtained for B22, 
indicating an attractive interaction between protein molecules. Comparing with 
crystallization results, it can be inferred that for noncrystallization conditions, the 
interaction is repulsive, while for crystallization conditions, the interaction is 
attractive and falls in the crystallization window defined for B22. The amorphous 
aggregation observed in some protein samples in 10% and 20% C8E4 cannot be 
explained by the B22 values. However, a possible explanation is that some free 
micelles may locally link protein molecules studded with surfactant monomers 
causing amorphous aggregation.     
3.3.3 Dynamic light scattering (DLS) 
The findings of SLS measurements on interactions of lysozyme molecules in C8E4 
were verified by determining the mutual diffusion coefficient, Dm, using dynamic 
light scattering as shown in Figure 3.4. The parameters obtained from SLS and 
DLS are summarized in Table 3.3. According to Eq. 2.9 and Eq. 2.11, the positive 
slopes of Dm versus c graphs for 0.5%, 5% and 10% C8E4 suggest that B22 is 
positive for these conditions, while negative slopes for 20% and 30% C8E4 
indicate negative B22 and a resultant attractive force between lysozyme molecules. 
For pure lysozyme in buffer, the slope is slightly negative. This is because B22 has 
a small positive value as obtained in SLS (4.08×10-4 ml mol/g2). As shown in Eq. 
2.11, kd can be negative for small positive value of B22 because kf and ν are always 
positive.  
The mutual diffusion coefficient values, Dm for pure lysozyme found in this study 
are consistent with other authors (Valstar et al, 1999; Eberstein et al, 1994;  























 buffer         0.5% C8E4 
 5% C8E4     10% C8E4 
 20% C8E4   30% C8E4 
 
Figure 3.4 Plot of mutual diffusion coefficient vs lysozyme concentration for various 
C8E4 concentrations. 
Muschol and Rosenberger, 1995).  
The intercept of Dm vs c gives the self-diffusion coefficient, D0, of the scatterers. 
The hydrodynamic radius, RH = 1.85 nm, evaluated from the intercept D0 using Eq. 
2.10 agrees well with values reported in the literature for pure lysozyme in the 
absence of C8E4 (Narayanan and Liu, 2003; Valstar et al, 1999; Muschol and 
Rosenberger, 1995). However, in the presence of C8E4, irrespective of its 
concentration, the D0 value is found to be about 8×10-7 cm2/s. The viscosity of 
C8E4 was found to almost double for every 10% increase in concentration. Eq. 
2.10 was used to extract RH value using solvent viscosity η as that of buffer. The 
RH value evaluated in the presence of C8E4 was about 2.7 nm. The reason for this  




Table 3.3 Variations with C8E4 concentration of parameters obtained from SLS and DLS 














Buffer 4.08 CS 13.7 12.08 - 2.85 1.85 
0.5% C8E4 4.11 CS 17.9 8.40 23.15 2.66 
5% C8E4 233 CS 32.1 8.17 61.90 2.73 
10% C8E4 130 CS/AA 31.3 7.07 8.10 3.16 
20% C8E4 - 2.64 CS/AA/crystal 31.4 7.62 - 3.94 2.93 
30% C8E4 - 4.72 crystal 46.8 8.42 - 27.27 2.65 
CS: clear solution; AA: amorphous aggregation. 
higher RH value can be two fold. 1) The adsorption of C8E4 monomers on 
lysozyme molecules increases the size of scatterers. 2) The light scattering of 
micelles dominates over that of lysozyme molecules. The CMC of C8E4 in buffer 
is 0.2%, as found by surface tension measurements. At all the surfactant 
concentrations studied here, micelles already exist in a large amount. Therefore, 
when the protein concentration is low, micelles are predominant scatterers in the 
solution. Since DLS measures the collective diffusion of macromolecules (protein 
and micelles), the intercept, D0, may correspond to the more prominent scatterers, 
namely, the micelles. The size of C8E4 micelles was measured to be 2.5 nm using 
PGNMR (Faucompre and Lindman, 1987). If the size of protein molecules with 
adsorbed C8E4 monomers is the same as that of micelles, they may not be 
distinguished by light scattering.  




Similar observation has been made by Valster et al for BSA – C12E8 complexes 
(Valstar et al, 2000). They concluded that at high surfactant concentration, the 
hydrodynamic radius of scatterers obtained is the same as free micelles. The 
dispute over RH notwithstanding, the variation of Dm with protein concentration 
gives supportive evidence for the B22 measurements of the SLS study. 
3.4 Origin of the Change in Protein Interactions 
3.4.1 Surface tension measurements 
Composed of hydrophobic and hydrophilic amino acids, protein is surface active 
in aqueous solution (Magdassi, 1996). Thus surface tension measurement is an 
effective method to reveal the properties of surfactants and proteins. To explain 
the origin of changes in lysozyme molecular interactions in the presence of C8E4, 
surface tension measurement was performed.  
The surface tension of pure C8E4 in buffer solution was determined prior to the 
measurements involving C8E4/lysozyme mixtures. Although the measurement of 
the surface tension of C8E4 in pure water has been reported before (Degiorgio and 
Corti, 1985), a surface tension profile for C8E4 in sodium acetate buffer under the 
specific ionic strength of 0.1 M is not available in literature. Figure 3.5 shows the 
surface tension plot of C8E4 in buffer, together with the profile measured for the 
mixture under fixed lysozyme concentrations of 0.2 mg/ml and 2 mg/ml. The 
critical micelle concentration, CMC, of C8E4 in acetate buffer remains the same 
(0.2%) as that in pure water – an expected result for nonionic surfactant in salt 
solution.  































 0.2mg/ml lysozyme withC8E4
 2mg/ml lysozyme with C8E4
 
Figure 3.5 Plot of equilibrium surface tension of C8E4 at different concentrations with 
and without mixed lysozyme. 
Compared with pure C8E4 in buffer, the surface tension profiles for the mixed 
C8E4/lysozyme system are shifted slightly upward for C8E4 concentrations < CMC 
(Figure 3.5). This is suggestive of the adsorption of C8E4 monomers on lysozyme 
molecules at these concentrations. According to Gibbs’ equation (Adamson and 




1 γ−=Γ ,                                              (3.1) 
where Γ  is the adsorption amount of surfactant at the interface, R  is the gas 
constant,  T  is the absolute temperature, γ  is the surface tension and a  is the 
surfactant activity. The surface tension decreases in proportion to the adsorption  





Figure 3.6 Surface activity of nonionic surfactant in the presence and absence of protein. 
(a) When no protein is in the solution, all the surfactant monomers assemble at the 
interface; (b) when protein molecules exist in the solution, some of surfactant monomers 
adsorb on the competitive hydrophobic sites of protein, resulting in higher surface tension 
than without protein. 
amount of surfactant at the interface. As shown in Figure 3.6a, when no protein 
exists in solution, surfactant monomers tend to assemble at the solution interface 
and lower the surface tension. When some of surfactant monomers are adsorbed 
on the protein, the activity of surfactant will decrease as the number being 
adsorbed on the solution surface is less (Figure 3.6b). Therefore, the surface 
tension will be higher than that without protein. The larger the protein 
concentration, greater will be the surface tension, as observed for 0.2 and 2 mg/ml 
protein depicted in Figure 3.5. Once the hydrophobic sites on the protein are 
occupied by the monomers, the surface tension profile follows the same path as in 
the absence of protein. This can be seen at C8E4 concentrations ≥ CMC as shown 
in Figure 3.5. 




A similar result has been obtained for the system of mixed Human Serum albumin 
and dodecyl dimethyl phosphine oxide, HAS/C10DMDO, solutions (Miller et al, 
2000). The quantitative fluorescence studies by Velev et al (2000) also revealed 
the surfactant adsorption on the protein crystal matrices.  
3.4.2 Fluorescence measurements 
Fluorescence measurements were done to confirm the adsorption of surfactant on 
lysozyme molecules and particularly the site of adsorption. As discussed in 
Section 2.2.6, the maximum emission wavelength is very sensitive to the 
microenvironment of fluorophores. When the environment of the tryptophan 
changes from hydrophobic to hydrophilic, a red shift of its intrinsic fluorescence 
emission wavelength occurs and a blue shift occurs on reversing the situation. For 
multitryptophan-containing proteins, the Stokes shift will be the sum of all 
contributions.  
The molecular structure of lysozyme is shown in Figure 3.7. Some of the patches 
on the protein surface are hydrophilic while some are hydrophobic. There are total 
6 tryptophans in a lysozyme molecule, 4 of which are on the surface. As 
hydrophobic amino acid, tryptophan would contact with the hydrophobic tail of 
surfactant monomers. Therefore, the fluorescence emission of tryptophan can give 
information of the surface interaction of protein with surfactant when adsorption 
occurs.  
Figure 3.8 shows the variation of maximum emission wavelength of lysozyme of 
concentration 0.2 mg/ml in the presence of different C8E4 concentrations. The 
emission wavelength decreases initially (blue shift) followed by an increase as  





Figure 3.7 Structure of lysozyme molecule. Hydrophilic amino acids are shown in white 
while hydrophobic ones in dark. The tryptophans are shown as sticks in the molecule. 4 of 
the 6 tryptophans shown as sticks are on the molecular surface and contact with the 
environment. 
C8E4 concentration is progressively increased. This indicates that the 
microenvironment of tryptophan turns out to be more hydrophobic when the 
amount of surfactant in the solution is small. This can be attributed to the 
adsorption of hydrophobic tails of surfactant monomers on the hydrophobic parts 
of protein, which includes tryptophans. However, when large amount of 
surfactants exist in the solution, the hydrophobic parts on the lysozyme molecules 
are fully adsorbed. Further addition of surfactant leads to formation of micelles 
and their contact with protein molecules results in a hydrophilic environment 
again. 
































 0.2 mg/ml lysozyme
 
Figure 3.8 Intrinsic fluorescence emission maximum wavelength of lysozyme varied with 
C8E4 concentration.  
Considering the molecular weight of lysozyme and C8E4, the number of adsorbed 
monomers on one protein molecule can be estimated. The molecular weight of 
lysozyme and C8E4 are 14,300 Da and 306 Da respectively. The density of C8E4 is 
0.951 g/ml. This indicates that the concentration of C8E4 is about 0.5 mg/ml at the 
concentration of 0.05% (v/v), which gives the largest blue shift. Thus, for 0.2 
mg/ml lysozyme in 0.5 mg/ml C8E4 solution, the largest possible number of 










molgNad .                                               (3.2) 
Therefore, at the blue shift region, the adsorption number is less than 115 giving 
allowance for adsorption on solution interface. This number is consistent with that 




estimated from SLS, which indicates an adsorption of about 70 monomers per 
protein molecule. C8E4 concentration of ≥ 0.2 v/v% corresponds to CMC and 
above, and hence formation of micelles in the solution would be favored over 
surfactant adsorption on protein.  
The interaction and adsorption of surfactant and protein have been studied by 
other groups (Miller et al, 2000; Green, 2000; Stenstam, 2003; Vasilescu, 1999). 
Their results also confirm the surfactant adsorption on the protein molecules. As 
mild detergent, nonionic surfactant has only minor influence on the structure of 
lysozyme. However, because the adsorption screens the hydrophobic attraction 
and increases the salvation of the protein molecules, the balance of the attractive 
hydrophobic interaction and the repulsive hydration and electrostatic forces 
change. This observation is consistent with our crystallization, SLS and DLS 
results discussed in earlier sections.  
3.4.3 Cloud point measurements 
Loll et al (2001) suggested that a reasonable strategy to find conditions that can 
bring B22 into the crystallization window would be to determine the cloud point of 
the nonionic surfactant solution and set crystallization conditions just below the 
cloud point.  
To check this hypothesis, the cloud points of C8E4 with and without lysozyme 
were determined by monitoring the intensity of light scattered at 90o. As shown in 
Figure 3.9, for 0.5% C8E4 and 30% C8E4, the intensity increased sharply at a 
certain temperature. This temperature is defined as the cloud point of the solution. 
For 5% C8E4, the change is not so sharp. However, by extrapolating the rate of  





Figure 3.9 The determination of could point. Count rate vs temperature of (a) 0.5% C8E4; 
(b) 5% C8E4 and (c) 30% C8E4 with and without 100mg/ml lysozyme. 
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Figure 3.10 Clouding point of C8E4 in buffer compared with that of the mixture of C8E4 
and 100mg/ml lysozyme. 
increase of intensity, the cloud point can be estimated as in Figure 3.9b. 
Incidentally, 5% (v/v) is the critical concentration of C8E4 (Degirogio and Corti, 
1985).   
The cloud points for C8E4 in buffer and with 100 mg/ml lysozyme are shown in 
Figure 3.10. It can be seen that the presence of lysozyme decreased the cloud 
point of C8E4 micelles solutions. The difference between the cloud point of C8E4 
and C8E4 with lysozyme increased with C8E4 concentration. At 30% C8E4, the 
decrease is the largest, up to 4oC. All the cloud points are higher than 37oC, which 
is much higher than the crystallization temperature, namely, 20oC. Thus, at the 
crystallization temperature, the solution is far away from clouding. This result 
excludes the clouding and the phase separation of micellar solution as a possible 




reason for the protein to partition into aqueous phase and crystallize.  
3.4.4 Depletion force 
As discussed in the above sections, C8E4 monomers tend to adsorb on 
hydrophobic parts of lysozyme molecules. This adsorption screens the 
hydrophobic attractive interactions between protein molecules and increases the 
hydrophilicity of protein surface. Solvation becomes more favorable and results in 
a higher repulsive protein-protein interaction. However, as C8E4 concentration is 
increased to 20% or 30% v/v, the interaction becomes attractive and falls in the 
crystallization window.  Cloud point measurements results excluded the clouding 
and phase separation of micelles as a reason for proteins to partition into aqueous 
phase and crystallize. 
Asakura and Oosawa (1958) proposed a model to describe the “depletion 
attraction” between colloidal particles on addition of polymers. Using this model, 
the globular protein can be approximated as a sphere of radius R, and the free 
micelle in solution as a sphere of radius Rg. There is a shell of thickness Rg around 
the protein into which the micelle cannot penetrate (Figure 3.11a). When far apart, 
a uniform osmotic pressure is exerted on protein molecules. As protein molecules 
come closer, micelles no longer penetrate the shaded region in Figure 3.11b. As a 
consequence, the osmotic pressure is unbalanced and drives protein molecules 
close together. Thus a net attractive potential is set up between protein molecules. 
When the concentration of free micelles is large, this excluded volume effect 
becomes predominant enhancing the depletion attractive forces which are short-
ranged. 













Figure 3.11 The depletion mechanism. (a) When far apart, a uniform osmotic pressure is 
exerted on the protein molecules of radius R; (b) micelles of radius Rg cannot enter the 
region between the closely spaced molecules of radius R. The result is net attraction 
between protein molecules of radius R.  




This model explains why at higher C8E4 concentration, the interaction between 
lysozyme molecules becomes attractive. The depletion force in the region Rg > R 
in aqueous protein-PEG solution has been investigated by Kulkarni et al (1999). It 
was found that the change in B22 of protein solution is non-monotonic as the 
concentration of PEG is increased. The size of lysozyme and C8E4 micelle studied 
by us are about 3.7 nm and 5 nm respectively, i.e., Rg > R. Our results also show a 
change from initial repulsive interaction to an attractive interaction with 
increasing C8E4 concentration. In a certain range, about 20% to 30% C8E4, the B22 
falls in the crystallization window resulting in the protein crystallization.  
3.5 Mechanism 
From the above analysis, a mechanism of protein crystallization in the presence of 
nonionic surfactant can be proposed. As illustrated in Figure 3.12a, protein 
molecules dissolved in buffer have certain hydrophobic patches on the otherwise 
hydrophilic surface. Small amounts of nonionic surfactant added will adsorb on 
the hydrophobic parts of the protein (Figure 3.12b). Thus the protein solution is 
further stabilized by screening off the attractive hydrophobic force and increasing 
the repulsive hydration force. When the amount of added surfactant is large and 
the number of free micelles is high enough, the attractive depletion force becomes 
appreciable and B22 falls in the crystallization window (Figure 3.12c). Therefore, 
the protein molecules with adsorbed nonionic surfactant are brought closer and 
form crystals (Figure 3.12d). The short range of the depletion force enables slow 



















Figure 3.12 The mechanism of protein crystallization in the presence of nonionic 
surfactant. (a) protein in solution; (b) hydrophobic tails of nonionic surfactant monomers 
adsorb on the hydrophobic parts of protein molecules; (c) when the micelle concentration 
is high enough, the depletion force is predominant and fine tunes the crystallization; (d) 
protein crystal with adsorbed nonionic surfactant. 
 





The nonionic surfactants found useful in membrane protein crystallization can 
also promote soluble protein crystallization under certain conditions. Several 
experimental techniques were used to investigate the crystallization of the model 
soluble protein, lysozyme, in the presence of nonionic surfactant, C8E4. Our 
results suggest the following mechanism for protein crystallization. The 
adsorption of surfactant on hydrophobic parts of protein molecules screens the 
hydrophobic attraction between protein molecules, increases the solvation and 
results in an increase in repulsive interaction.  However, at high surfactant 
concentration, the attractive depletion force due to the presence of free micelles 
becomes dominant and enables the protein molecules to assemble in crystalline 
order.  




SELF-ASSEMBLY OF PROTEIN IN CORRELATION 
TO PROTEIN CRYSTALLIZATION 
4.1 Introduction 
In order to grow protein crystals, the conditions for crystallization should be 
identified in all circumstances. Among different parameters for the control of 
protein crystallization, the equilibrium concentration of the protein for a given 
system is one of the key parameters. To precisely determine the crystallization 
condition is often a time consuming and difficult task. In particular, when protein 
crystals are not available, to measure the equilibrium point of protein 
crystallization is almost impossible (Cacioppo and Pusey, 1991; Howard et al, 
1988).  
In this chapter, we will examine the protein assembly at the air/water interface, 
and establish the correlation between solubility of the protein crystals and the 
surface assembly of the protein. In our study, hen egg white lysozyme is chosen as 
a model protein. The adsorbed lysozyme at the air/water interface retains the 
structure it has in solution and in crystal, for which reason the conformational 
change can be neglected. We will also examine the assembly mechanism and its 
correlation to the crystallization of the protein. The surface assembly of lysozyme 
has been studied by other groups using small angle neutron scattering (Lu et al, 
1998 & 1999). Their results will facilitate our analysis of the analogy between 
protein crystallization and the surface assembly of the protein. 






Figure 4.1 Structures of the twenty amino acids found in biological systems. (Figure 
taken from http://biosphere.biologydaily.com/biology/Amino_acid). 




Table 4.1 Different properties of the 20 amino acids (Taken from 
http://www.ebi.ac.uk/2can/tutorials/aa.html).  
Type of Amino 
Acid 
Properties Amino Acids 




The hydrophobic side chains 
of these amino acids will not 
form hydrogen bonds or ionic 
bonds with other groups. 
These hydrophobic amino 
acids tend to be buried in the 
centre of proteins away from 
the surrounding aqueous 
environment. 
Ala, Val, Leu, 
lle, Met, Pro, 
Phe, Trp. 
Amino acids with 
uncharged but polar 
side chains 
The side chains of these 
amino acids are uncharged at 
physiological pH.  
Ser, Tyr, Asp, 
Gln, Cys, Thr. 
Amino acids with 
acidic side chains 
These have a carboxylic acid 
group in their side chain and 
are very hydrophilic. 
Asp, Glu. 
Amino acids with 
basic side chains 
The positive charge on these 
side chains makes them 
hydrophilic and they are likely 
to be found at the protein 
surface 
Lys, Arg, His. 
Neutral side chain The single hydrogen atom 
side chain has no strong 
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4.2 Amphiphilic Nature of Proteins 
4.2.1 Origin of surface activity of proteins 
Surface-active materials consist of amphiphilic molecules containing both polar 
and nonpolar portions. Proteins are typically amphiphilic, polymeric substances 
made of amino acid residues combined in definite sequences by peptide bonds 
(Magdassi, 1996). The structures of the 20 amino acids composing protein are 
shown in Figure 4.1. In these 20 amino acids, some are hydrophobic with aliphatic 
hydrophobic side chain, such as Ala, Val, Leu, lle, Met, Pro, Phe, Trp. Some 
others are hydrophilic with polar or charged side chains, such as Ser, Tyr, Asp, 
Thr, Gln, Cys, Asp, Glu, Lys, Arg, His. Compared with the hydrophobic and 
hydrophilic amino acids, Gly is a neutral one for its side chain is only a hydrogen 
atom having no strong hydrophobic or hydrophilic properties. The properties of 
the amino acids are shown in Table 4.1. The features of the protein structure 
determine its surface activity. 
4.2.2 Surface adsorption of proteins 
Figure 4.2 shows the structure of the lysozyme molecule. Lysozyme is a globular 
protein and possesses an ellipsoidal shape with molecular dimension about 
3×3×4.5 nm. The whole molecule is composed of hydrophobic parts and 
hydrophilic parts. Generally, the hydrophobic parts tend to become embedded in 
the molecule while the hydrophilic parts become exposed to the aqueous 
environment. However, not all the hydrophobic parts are embedded in the real 
protein structure as shown in Figure 4.2. Because the distribution of hydrophobic 
groups on the outer surface is not uniform, proteins have some dominant  




Figure 4.2 Schematic of lysozyme molecular structure. The dark color is hydrophilic 
while the light color is hydrophobic. 
hydrophobic regions and dominant hydrophilic regions on the surface. The 
difference in hydrophobicity gives rise to the surface activity of proteins. The 
hydrophobic parts tend to point outwards into the air.  




1 γ−=Γ ,                                                 (4.1) 
where G is the surface excess of protein at the interface, g the surface tension, a 
the protein activity which can be regarded as the protein concentration in a dilute 
solution, R the gas constant and T the absolute temperature; the adsorption or 
assembly of protein at the air/water interface is directly related to the surface 
activity of the protein.  
4.3 Critical Assembly Concentration (CAC) of Lysozyme 
4.3.1 Protein concentration dependence 




Figure 4.3 Surface tension of lysozyme solution as a function of lysozyme concentration. 
Here the unit of protein concentration is mg/ml. The salt strength in all samples is fixed at 
1 M.  
The assembly of protein at an interface can be described by the Gibbs equation (cf 
Eq. 4.1). The implication of Gibbs equation is that the adsorption of protein on the 
surface leads to the lowering of the surface tension g. Figure 4.3 shows the 
relationship between g and the logarithm of the lysozyme concentration in 1 M 
sodium chloride solution at pH 4.5. Here, the concentration of lysozyme is in units 
of mg/ml. Because of the derivative of the logarithm in Eq. 4.1, the amount of 
surface adsorption is not sensitive to the units. The initial part of the equilibrium 
interfacial tension decreases with the logarithm of the protein concentration. At 
4* =≥CC mg/ml, the surface tension reaches a constant value, which is shown as 
a plateau of the γ  vs Cln  plot at 4≥C mg/ml.  




Figure 4.4 Surface tension of lysozyme solution as a function of sodium chloride 
concentration. The unit of salt concentration is mol/l. In all samples, the lysozyme 
concentration is fixed at 4 mg/ml. 
Note that the result shown in Figure 4.3 is very much the same as results obtained 
in surfactant solutions, where C* refers to the critical micellar concentration (CMC) 
(Figure 3.5). Here for protein molecules, C* corresponds to the concentration at 
which the surface of water has become fully occupied by protein molecules, and 
any further addition of protein molecules would lead to the aggregation or 
assembly in the bulk phase. Therefore, this point C* is defined as the critical 
aggregation or assembly concentration (CAC) (Fung et al, 2003).  
4.3.2 Salt concentration dependence 
Similar to ionic surfactants, the surface activity of a protein also depends on the 
concentration of the electrolyte. Figure 4.4 shows the influence of the sodium 
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chloride concentration (CNaCl) on the surface tension of the lysozyme solution. In 
this measurement, the protein concentration was fixed at 4 mg/ml, which is the 
CAC in 1 M sodium chloride solution. In analogy to the effect of protein 
concentration, the surface tension decreases with CNaCl also, and reaches a 
minimum at C*NaCl (=1 M). At CNaCl≥C*NaCl, the behavior ofγ  vs Cln  remains 
unchanged. Figure 4.3 and Figure 4.4 show that Cln~γ  and reaches a minimum 
at both *CC ≥  and *NaClCC ≥ .  
 The change of surface tension with salt concentration may be explained by the 
electrical double layer theory of colloids (Liu 2002; Hunter, 2001). The isoelectric 
point of lysozyme is about pH 11 (Ducruix and Giege, 1999). At pH 4.5, the 
lysozyme molecule becomes positively charged. Adding salt will screen the 
surface charge of lysozyme, and therefore decrease the intermolecular repulsive 
force. As the thickness of the double layer surrounding the protein molecule 
decreases, the hydrodynamic radius of the protein molecule also decreases. It 
follows that more protein molecules can be accommodated in a given surface area, 
and hence the surface tension decreases. When the salt concentration reaches a 
certain value, there will be no more shrinkage of the effective size of the protein. 
Therefore, γ  will not change at *NaClCC ≥ .  
4.3.3 Correlation of CAC to solubility 
The striking point in this study is the intrinsic relationship between CAC and the 
protein crystallization condition. As CAC is the critical point from which the 
protein begins to assemble or aggregate in the bulk solution, no additional protein 
can dissolve above CAC. Compared with the solubility of lysozyme in the Clyso ~  






















Figure 4.5 Comparison between CAC and the solubility of lysozyme in sodium chloride. 




















Figure 4.6 Comparison between CAC and the solubility of concanavalin A in ammonium 
sulfate. 
Chapter 4 Self-assembly of Protein in Correlation to Protein Crystallization 
________________________________ 
 89
CNaCl phase diagram at pH 4.5 (Cacioppo and Pusey, 1991; Howard et al, 1988), it 
is found that CAC falls on the solubility line precisely as shown in Figure 4.5. To 
confirm the relationship between protein solubility and CAC, concanavalin A (con 
A) was also examined. Figure 4.6 shows that CAC of con A in ammonium sulfate 
at pH 6.5 is very near the solubility obtained by other groups (Mikol and Giege, 
1989). Con A exists as dimer in aqueous solution at pH below 5 and tetramer at 
pH above 7 (Mckezie et al, 1975). At the air/water interface, the dimer and 
tetramer may dissociate, which may cause some slight deviation of the CAC from 
the solubility. In this sense, if a severe dissociation or unfolding of proteins occurs 
at the surface, one may expect a notable deviation between the CAC and the 
solubility. Nevertheless, in case where the dissociation or unfolding of protein is 
not severe upon the surface adsorption, CAC can give a good prediction of the 
solubility of protein in aqueous solution. 
This discovery is not very surprising; however, it provides us with a new and 
precise method to measure the solubility of protein in aqueous solution. In 
particular, no protein crystal is needed to measure the crystallization condition of 
the protein. On the contrary, we can define the protein crystallization conditions 
before obtaining any crystals. The conventional method to measure the protein 
crystallization condition is to dissolve the protein crystal until it reaches the 
equilibrium point. But it is impossible to measure the equilibrium concentration 
when the protein crystal is not available. Owing to our newly developed method, 
this is the first time that the protein crystallization condition can be determined 
without the protein crystal. The knowledge of the crystallization condition of the 
protein solution will definitely narrow the screening range of protein 
crystallization.  






Figure 4.7 Schematics of (a) limited aggregation; (b) infinite aggregation. gN is the free 
energy per molecule in aggregates. g*micelle is the free energy per molecule in the optimal 
micelle formation. g*crystal is the free energy per molecule in a crystal. 
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4.4 Two-dimensional Protein Assembly to Three-dimensional 
Crystallization 
4.4.1 Limited and infinite aggregation/assembly 
Since CAC refers to the solubility of the protein, introducing more protein 
molecules beyond that critical amount would produce aggregation in the bulk 
solution. It is worth noting that the amphiphilic assembly / aggregation will 
normally give rise to two types of aggregates/assembly: limited and infinite 
aggregates. For limited aggregates, as shown in Figure 4.7a, the free energy per 
molecule will reach the global minimum at a finite aggregate size N* (Clint, 1992). 
Therefore, such an aggregate with a finite aggregation number is in a 
thermodynamically stable state. The surfactant micelles are one example of such 
an aggregate. On the other hand, for an infinite aggregate, as shown in Figure 4.7b, 
the minimum free energy per molecule in the aggregate occurs at ∞→N . This 
means that once the aggregate appears, it will spontaneously grow bigger. Protein 
crystallization is one of the several possible infinite 3D ordered assemblies. 
4.4.2 Correlation between protein 2D assembly and crystallization 
Because of the interactions between the charged portion and the hydrophobic 
portion on the surface, the assembly of the molecules at the air/water interface 
changes the packing energy at the surface. At C>C*, the constancy of the surface 
tension implies that C* corresponds to the stable assembly state, which has the 
lowest packing energy. As is well known, the lowest packing energy corresponds 
to the crystal structure at supersaturation. Therefore, the assembly at the surface 
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would approach the crystal structure and act as a self template for nucleation if 
protein crystallization were to take place. 
Let us examine the correlation between the protein surface assembly and protein 
crystallization. The growth of protein crystals is normally governed by a layer-by-
layer mechanism (Malkin et al, 1995; Chernov, 1984; Liu, 1997; Liu and 
Tsukamoto, 1997). This implies that the growth of defect-free 3D protein crystals 
is accomplished by a sequence of 2D birth and spread events on an existing crystal 
surface (Liu, 1997). If protein crystallization is considered as a protein molecular 
assembly having 3-dimentional long range order, the 2D assembly of the protein 
molecules at the surface can be then considered as a process analogous to 2D 
protein crystal growth. In this connection, we can probe the protein crystallization 
in terms of protein assembly at a surface/interface. 
For a protein assembly at the surface, according to the Gibbs Equation (4.1), the 
surface excess can be obtained from the slope of γ vs aln . Based on the 
monolayer model of adsorption, the area per molecule (ApM) at the surface can be 
obtained from (Clint, 1992)  
Γ= aN
ApM
2010  [Å2/ molecule],                                  (4.2) 
where Na is the Avogadro constant, Γ  the surface excess. Assuming that the 
protein assembly on the surface is a monolayer just before the onset of CAC, a 
calculation of the area per molecule (ApM) for the lysozyme adsorption in 
solutions with different sodium chloride concentrations gives 100 Å2, which 
means that the average size of the protein is about 1 nm. This is much smaller than 
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the size of lysozyme, which has an ellipsoidal shape with a short axis about 3 nm 
and a long axis about 4.5 nm (Vaney et al, 1996). Therefore, the adsorption must 
be multilayer, which has a certain structure having the lowest free energy. The 
assembly of lysozyme at the air/water surface has been studied by Lu’s group 
using small angle neutron scattering technique (Lu et al, 1998 & 1999). According 
to their results, when the lysozyme concentration increases, the adsorption of 
lysozyme on the surface also increases. This increase results in a two layer 
assembly as shown in Figure 4.8a. The upper layer is about 4.7 nm while the 
following layer is a loosely packed layer about 3 nm.  
As for the lysozyme crystal structure, lysozyme crystallizes in the tetragonal 
system (a=b=78.54 Å, c=37.77 Å and space group P43212) at 23oC (Vaney et al, 
1996). In the observed morphology of the lysozyme crystal, only two faces show 
up: (110) and (101), as shown in Figure 4.8b (Strom and Bennema, 1997). The 
interplanar distances for these two faces are 5.6 nm and 3.4 nm, respectively. The 
molecular assembly of protein on the (110) face projected on (001) is shown in 
Figure 4.8c. The molecules assemble compactly and smoothly in this face. Noting 
that the sublayer of protein 2D assembly on the surface (Figure 4.8a) also has such 
a structure, this 2D assembly would act as a self-template for the protein 3D 
crystallization. Experimentally, it is often observed that when lysozyme crystals 
occur at the surface of aqueous solutions, the {110} faces are often parallel to the 
surface, as shown in Figure 4.8d. This can be regarded as a piece of indirect 
evidence for the above argument. 
4.5 Conclusions 









Figure 4.8 (a) Protein 2D assembly on the water surface; (b) Lysozyme crystal 
morphology. Only two faces show up in the experiment; (c) Lysozyme crystal projected 
on (001); (d) Lysozyme crystals floating on the water surface. 
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In conclusion, we have developed a completely new method to determine the 
protein crystallization condition without the need to first grow protein crystals. 
The protein 2D assembly on the water surface acts as a self-template for protein 
3D crystallization. Based on this study, it should be possible to use the protein 2D 
assembly kinetics as a probe to study the kinetics of protein crystallization, which 
has thus far been largely impossible. The understanding of the kinetics of protein 
crystallization would benefit the advances in drug design and drug delivery, as 
well as the determination of the protein structure.   




INTERFACIAL KINETICS OF PROTEIN 
CRYSTALLIZATION 
5.1 Introduction 
In many cases of protein crystallization, proteins aggregate into an amorphous 
phase instead of crystalline phase. This issue has become a bottleneck for the 
determination of protein structure. To overcome this obstacle, a large scale of 
screening is conducted in order to search for the crystallization conditions, which 
can be extremely costly and time consuming. 
In chapter 3, we discussed the second virial coefficient B22 as a criterion in the 
prediction of protein crystallization without resorting to screening experiments. A 
necessary condition for protein crystallization is that B22 lies in a crystallization 
parameter window, -8 x 10-4 < B22 < -2 x 10-4 ml mol/g2. This criterion has its 
advantages as it requires only a small amount of protein and gives a 
discriminating response. However, the B22 criterion determines 
biomacromolecular crystallization only partially. Being macromolecules with 
complicated shape and orientation, the crystallization of protein involves a 
nucleation and growth process, determined to a large extent by kinetics. Kinetics 
refers to the way protein molecules move in a solution, the rate at which they are 
transported, and the way they are incorporated in protein crystals at the crystal 
surface. How protein molecules are incorporated into the “embryo” surface is of 
significance in controlling protein nucleation. (Embryos are meta-stable clusters 
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of structural units with a broad distribution in size). Therefore, the kinetics of 
incorporating protein molecules into the kink site at the surface of protein crystal 
“embryos” should be taken into account. On the other hand, the crystallization 
window provided by the second virial coefficient disregards kinetic and other 
factors, which are unrelated to intermolecular interactions but nevertheless largely 
influence crystallization.   
However, the study of the interfacial kinetics of protein crystallization still 
remains very limited because an appropriate investigation method is difficult to be 
found. In chapter 4, we have found that the protein self-assembly at the aqueous 
solution surface has the same structure as in the crystal structure (Jia and Liu, 
2005). This two-dimensional assembly can act as a self-template for protein three-
dimensional crystallization. Based on this study, it should be possible to use the 
protein two-dimensional assembly kinetics as a probe to study the kinetics of 
protein crystallization.  
The aims of the investigations discussed here are to (i) study the kinetics of a 
surface assembly in a model protein system; (ii) apply the kinetics of a two-
dimensional assembly to the kinetics of protein three-dimensional crystallization 
and obtain insight into the relationship between the kinetics and the protein 
crystallization conditions; (iii) propose a new criterion for predicting protein 
crystallization based on kinetics and test the suitability of the criterion. 
5.2 Protein 3D Crystallization 
5.2.1 Thermodynamic driving force 
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The first step in protein crystallization is to dissolve the protein under 
consideration in some good solvent. Once the material has dissolved, the solution 
must be supersaturated in order to observe nucleation or growth. The solution is 
supersaturated when the solute concentration exceeds its solubility.  
Supersaturation is the driving force for nucleation and growth. From a 
thermodynamic point of view, it is the difference between the chemical potential 
of the solute molecules in the supersaturated (m) and saturated (ms) states 
respectively. For one molecule which will crystallize one has: 
βµµµ lnTkBs =−=∆ ,                                            (5.1) 
where kB is the Boltzmann constant, T the absolute temperature, and  
sCC /=β ,                                                         (5.2) 
where C and Cs are the actual concentration and the saturation concentration, i.e. 
the solubility, respectively. For the sake of simplicity, supersaturation is often 
defined as b, the ratio defined in Eq. 5.2, or as another dimensionless ratio 
1−= βσ : 
ss CCC /)( −=σ .                                                  (5.3) 
5.2.2 Nucleation barrier 
There are two kinds of nucleation in nature, homogeneous nucleation and 
heterogeneous nucleation. It is called homogeneous nucleation if the nuclei form 
in the bulk of the solution. On the other hand, it is called heterogeneous if the  




Figure 5.1 Schematic figure of homogeneous nucleation and heterogeneous nucleation 
(Liu, 1999). 
nuclei preferentially form on substrates such as the wall of the crystallizer or solid 
particles (Figure 5.1).  
Homogeneous nucleation 
When a solution is supersaturated, the solid phase forms more or less rapidly. 
Since the solute concentration is the same in the whole bulk, nucleation occurs if 
there are energy fluctuations, somewhere in the solution, around the mean value 
imposed by the supersaturation. To create a nucleus, it is necessary to create a 
volume and a surface. Assuming that the nucleus is limited by only one type of 
face, the activation free energy for homogeneous nucleation is: 
11ln γβ ATikG B +−=∆ ,                                           (5.4) 
where i is the number of molecules in the nucleus, A1 the area of the nucleus, and 
g1 its interfacial free energy with respect to the solution. The first term represents 
the energy to create the volume whereas the second term is the excess energy to 
 








Figure 5.2 Nucleation process.  The monomers in solution collide and join together to 
form dimer, trimer, and higher order clusters. These clusters are defined as embryos. Only 
after the embryo is big enough to overcome the nucleation barrier can it grow up to a 
crystal. Otherwise, the embryo dissolves spontaneously (Liu, 1999). 
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create the surface. For simplicity, we can suppose that the nucleus is a sphere of 






G B +−=∆ ,                                  (5.5) 
where V is the volume of a molecule. 
At equilibrium, when 0/ =∂∆∂ rG , the nucleus has the critical radius rc, as shown 








c = .                                                    (5.6) 













−=∆ ,                                              (5.7) 





2* γπ crG =∆ .                                                 (5.8) 
The critical activation free energy for creating the nucleus with critical radius rc is 
one third of the energy required for creating its surface. As shown in Figure 5.2, at 
the critical size rc, the nucleus is in a very labile equilibrium. If it gains one 
molecule so that r>rc it grows. But if it loses one molecules so that r<rc, then it 
spontaneously dissolves.  
Heterogeneous nucleation 




Figure 5.3 Cap-shaped nucleus formation by heterogeneous nucleation on a substrate 
(Ducruix and Giege, 1999). 
Heterogeneous nucleation often occurs prior to homogeneous nucleation 
especially when supersaturation is low. However, this implies that the solute 
molecules have some affinity for the substrate onto which they stick. Here also, it 
is convenient to consider that the nucleus is a sphere, actually capshaped, making 
the contact angle a with the substrate (Figure 5.3). Three surface free energies are 
involved in heterogeneous nucleation: g1 between the nucleus and the solution, ga 
between the nucleus and the substrate, and g0 between the substrate and the 
solution. They are related by Young’s equation:  
αγγγ cos10 += a .                                            (5.9) 
If we name S1 the area of the nucleus and Sa the area of the interface between the 
nucleus and the substrate, the activation free energy for heterogeneous nucleation 
is: 
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011ln γγγβ aaaBhet SSSTikG −++−=∆ .                            (5.10) 

















rG Bhet ,                 
(5.11) 








het = .                                               (5.12) 
The critical radius of the nucleus formed by heterogeneous nucleation is the same 
as for homogeneous nucleation. However, the cap-shaped nucleus contains fewer 
molecules than does the full sphere.  
5.2.3 Interfacial kinetics 
At supersaturation, not only single crystals but also amorphous aggregates may 
occur. Whether amorphous aggregation or crystalline phase forms mainly depends 
on the interfacial kinetics of protein crystallization. Considering the interfacial 
kinetics, the molecular process of nucleation can be regarded as follows: The 
constituent atoms or molecules forming dimers, trimers, tetramers, and so on 
(Figure 5.2). As far as the interfacial process is concerned, growth units should be 
delivered from the bulk to the embryo surface and incorporated into kink sites 
(surface kinetics). This implies that the nucleation kinetics is mainly determined 
by overcoming the nucleation barrier, volume transport and surface kinetics. In 
contrast to simple molecules, when complex macromolecules such as proteins  




Figure 5.4 The process of protein crystallization and aggregation. The molecules are 
transported from the bulk to the kink site of the embryo. Before they are incorporated into 
the kink site, the protein sheds small molecules adsorbed on it. At the same time, the 
macromolecules rearrange themselves to find their optimal orientations and 
conformations, as is required in the solid state. 
 
 
Figure 5.5 Protein molecular surface integration on the embryo surface. The solid unit-
like molecules adsorbed at the interface can be incorporated directly, while in general the 
adsorbed molecules need to rearrange their conformations and orientations to be 
incorporated into the kink sites. 
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become incorporated in the crystal structure, they acquire in addition a 
conformation and orientation at a certain site, as a consequence of the three-
dimensional symmetry. Statistically, liquid complex molecules have very different 
orientations and conformations from solid complex molecules. Only about 1% of 
the liquid molecules have the proper orientation and can be incorporated into kink 
sites (Malkin and McPherson, 2002). Upon incorporation into the kink sites, liquid 
complex molecules should simultaneously acquire the same orientation and 
conformation as the solid molecules. In detail, interfacial kinetics includes the 
following parallel and cooperative steps: desolvation, the acquisition of the solid 
unit-like orientation and conformation and surface integration (Figure 5.4).   
At kink sites, because of the ordering of the fluid layers adjacent to the crystal 
surface, some adsorbed growth units have roughly the same orientations and 
conformations as required for the growth of the crystal surface (Figure 5.5) (Liu, 
1999). Units of this type are defined as As units. However, the orientations or 
conformations of the majority of the adsorbed molecules are different from what 
is required for growth. Units of this type are defined A units. In order to transform 
an As unit into a solid unit S at a kink, the As unit needs to overcome a barrier 
*
kinkG∆  (>0, corresponding to desolvation free energy), defined as  
SA kinkGs ⎯⎯ →←∆ * . 
It follows that the relaxation time for such a transformation is  
)/exp(1~ *
1
1 kTGkink∆ντ , 
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where 1ν  denotes the frequency of thermal vibration of As units. On the other 
hand, the transformation from an A to an S unit is not so straightforward. Before 
an A unit can be incorporated into the crystal, it needs to be transformed into an 
As unit, for which it has to overcome an extra barrier *rearrangeG∆  (>=0), as  
SAA kinkrearrange Gs
G ⎯⎯ →←⎯⎯⎯ →← ∆∆ ** . 
The relaxation time for this transformation is then given by  
)/exp(1~ *
2
2 kTGrearrange∆ντ , 
where 2ν denotes the frequency of thermal vibration of A units. 
In the above analysis, 1τ  and 2τ  are all related to the surface kinetics. This 
relaxation time is defined as surface integration time, 21 τττ +=k . For a general 
adsorbed molecule, 02 ≠τ , and the molecular rearrangement time at the kink site 
cannot be neglected. On the other hand, the volume transport time for a fluid 
molecule to the embryo surface, dτ , is inversely proportional to the self diffusion 
coefficient of a protein. 
5.2.4 Kinetic crystallization coefficient 
In a recent study, it was found that for protein crystallization, the competition 
between volume transport and surface integration will determine whether the 
nucleus will develop into a crystal or to amorphous aggregation eventually (Zhang 
and Liu, 2003). As illustrated in Figure 5.6(a), if the surface integration is a rapid 
process, the adsorbed molecules have enough time to rearrange before the arrival  







Figure 5.6 Kinetics of protein crystallization and amorphous aggregation. (a) Formation 
of a crystal when the rate constant of the molecular volume transport is comparable with 
that of a molecular rearrangement; (b) Formation of amorphous aggregation when the 
volume transport is much faster than the molecular rearrangement. 
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of additional molecules. Protein molecules aggregate into an ordered compact 
structure, which eventually grows into crystal. On the contrary, if the transport of 
growth units to the surface of a protein crystal is a much faster process, the 
molecule coming first does not have enough time to find its optimal orientation 
and conformation before the next molecule arrives. As a consequence, the 
formation of an amorphous phase becomes kinetically a more favorable process 
than the formation of a crystalline phase that is ordered in three dimensions. In 
this case, the adsorbed molecules will aggregate without observing an orderly 
arrangement. This type of nucleus will eventually give rise to amorphous 
aggregation (Figure 5.6(b)).  
Essentially, this kinetically favorable formation of amorphous aggregation or 





∆∝ expτ , 
where G∆  is the kinetic energy barrier from one state to another in the process of 
protein crystallization. A faster relaxation or shorter relaxation time τ corresponds 
to a lower energy barrier. If the diffusion is faster than the surface integration, the 
energy barrier for the diffusion would be lower than that of kink integration. This 
makes the diffusion process easier than the subsequent surface integration process. 
As a consequence, amorphous aggregation as a semi-stable state exists before 
ordered crystal structure can occur. 
Chapter 5 Interfacial Kinetics of Protein Crystallization 
_________________________________ 
 109
To anticipate the probability of a nucleus to grow into a crystal or an amorphous 
aggregate, we introduce a crystallization coefficient, cξ , which is defined as the 








τξ == ,                                                    (5.13) 
where ddk τ/1= is the rate constant of diffusion and kkk τ/1= is the rate constant 
of surface integration. Obviously, the larger the cξ , the faster is the diffusion as 
compared with surface integration, and the more likely it becomes for a nucleus to 
form an amorphous aggregate. However, in an experiment on protein three-
dimensional crystallization, it is hard to measure kτ  and dτ  directly. Since protein 
crystallization follows the two-dimensional nucleation mechanism, the two-
dimensional assembly of protein at the air/solution interface can be employed to 
estimate kτ  and dτ . 
5.3 Protein 2D assembly 
The growth of protein crystals is normally governed by a layer-by-layer 
mechanism (Chernov, 1984; Land et al, 1995; Liu et al, 1997 & 1999; Durbin and 
Feher, 1996). This means that the growth of three-dimensional protein crystals is 
accomplished by a sequence of two-dimensional nucleation and spread to a two-
dimensional crystal layer on an existing crystal surface (Figure 5.7). Between the 
two steps, the formation of the “2D crystal” can be used as an analogy of the 
formation of a new layer of a crystal on an existing growing crystal surface. In our 
recent research, it has been found that the protein self-assembly at the surface of 
aqueous solution has the same structure as in the crystal structure (refer to Chapter  




Figure 5.7 Layer-by-layer protein crystal growth mechanism. The growth of three-
dimensional protein crystals is accomplished by a sequence of two-dimensional 
nucleation and spread to a two-dimensional crystal layer on an existing crystal surface.  
4) (Jia and Liu, 2005). This two dimensional self-assembly acts as a self-template 
for the three-dimensional protein crystallization. This approach provides us a new 
and simple method to study the interfacial kinetics of protein crystallization. 
5.3.1 Surface assembly processes 
Like all amphiphilic molecules, proteins tend to self-assemble at the air/solution 
interface and therefore lower the surface tension (Magdassi, 1996). The dynamics 
of surface tension reflects the kinetics of the two-dimensional self-assembly of 
proteins at the interface. The rate of reduction of surface tension is determined by 
three consecutive or concurrent processes: (a) a diffusion of protein molecules to 
the interface; (b) the penetration of protein molecules through the interface film 
from subsurface to surface; (c) molecular rearrangements of adsorbed molecules 
in the film (Figure 5.8) (Magdassi, 1996). Compared to the kinetics of three-
dimensional protein crystallization, the first step corresponds to volume transport, 
while the other two steps resemble the surface integration of the two-dimensional 
assembly during nucleation and growth.  
5.3.2 Kinetics of protein 2D assembly 




Figure 5.8 Protein two-dimensional interface assembly kinetics. (a) Molecules diffuse to 
the air/solution interface immediately after mixing the solution; (b) When more molecules 
cover the surface, the subsequently impinging molecules need to penetrate a potential 
energy barrier to be adsorbed at the surface; (c) When the surface is almost fully covered, 
the molecules at the surface need to rearrange their orientations and conformations to 
make space for the arriving molecules. 
A useful analysis of the kinetics of protein surface self-assembly derives from the 
work of Ward and Tordai (1946), who considered the effects of diffusion from the 
bulk liquid to the surface and the energy barrier which the molecule must 
overcome in order to be adsorbed. At the very beginning of the surface assembly, 
there is no energy barrier between the surface and the subsurface. In this step, 
diffusion is the rate-determining factor (Figure 5.8a). The surface tension is 
expressed as 
 2/10 )142.3
(2)( tDkTCt p−= γγ ,                                 (5.14) 
where )(tγ  is the surface tension at time t , 0γ  the solvent surface tension, pC  the 
bulk protein concentration, k  Boltzmann’s constant, T  the temperature, and D  
the diffusion coefficient of protein molecules. In this step, then the plot of γ  
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against 2/1t  will be linear (Tornberg, 1978; Graham and Philips, 1979). This 
happens only at the initial stage of the surface assembly. 
At higher surface coverage, there are energy barriers to penetration of molecules 
into the surface. In this step, penetration is the rate-determining factor (Figure 
5.8b). When the surface is almost fully covered, the reduction of surface tension 
will be determined by the molecular rearrangement in the film (Figure 5.8c). For 
the situation where there is an energy barrier to assembly, Eq. 5.14 can be 





)(ln ∆Π−=Π ,                                (5.15) 
where )()( 0 tt γγ −=Π  is the surface pressure at time t, k  is a constant related to 
adsorption ability, and A∆  represents the mean area created in the film in order to 
adsorb a protein molecule. If A∆  is assumed to be a constant, then a plot of 
))(ln(
dt
tdΠ  versus Π  should be linear with a slope giving A∆ . The values of A∆ , 
k  and pC  can be considered to be constants within each rate-determining process, 
but these values will change when the rate-determining process is changed. 
Therefore, each successive linear part of ))(ln(
dt
tdΠ  versus Π  corresponds to each 
kinetic step. 
When protein molecules penetrate into the interfacial region they affect the 
surface free energy. Since in polymer adsorption the first layer effects are 
dominant in determining Π , changes in Π  provide a convenient way of 
monitoring the penetration into the surface and configurational rearrangements of 
Chapter 5 Interfacial Kinetics of Protein Crystallization 
_________________________________ 
 113
the adsorbed protein molecules. The rates of these processes can be analyzed by 





Π− ))(1ln( ,                                          (5.16) 
where eΠ  and )(tΠ  are the surface pressure values in the equilibrium state and at 
any time, t, respectively, and τ  is the relaxation time. Therefore, the rate 




Π−  versus t . 
Besides, the relaxation time of diffusion, dτ , the penetration pτ , the self-
rearrangement rτ , and therefore also the surface integration time, rpk τττ += , 
can be obtained.  
In order to determine the limit of the three steps in the interface adsorption, the 
curve of )ln(
dt
dΠ  versus P was divided by a regression analysis into successive 
linear parts, each corresponding to a kinetic step. The limits of these steps were 
optimized and adjusted in order to be in agreement with those found by using the 
representation )1ln(
eΠ
Π−  versus t . The resulting a diffusion step agreed with the 
corresponding step obtained from the plot of γ  versus 21t . The limits were 
adjusted so that all the fitting coefficients attained their largest values in all of the 
linear regression fittings. 
5.4 From Protein 2D Assembly to 3D Crystallization 
5.4.1 Lysozyme 2D assembly kinetics 
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Figure 5.9 Time dependence of surface tension at the air/water interface for 1 mg/ml 
lysozyme solutions for different sodium chloride concentrations. 


































Figure 5.10 Surface tension as a function of the square root of time for 1 mg/ml lysozyme. 
The linear part shows the limit of the diffusion controlled step in the three-step process of 
the protein assembly at the aqueous solution surface.  




Figure 5.11  
dt
dΠln  as a function of Π for 1mg/ml lysozyme, which shows the three 




Π−  as a function of time for 1mg/ml lysozyme. The rate constants for 
different steps can be obtained from the slope of the linear regression parts. 
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The protein interface adsorption kinetics of 1 mg/ml lysozyme was studied by the 
dynamics of surface tension at a temperature of 23oC. Figure 5.9 shows changes in 
surface tension of lysozyme with different concentrations of sodium chloride. It 
appears that the presence of sodium chloride results in a decrease of the time ( te ) 
to reach a steady state as well as the equilibrium surface pressure. The time te 
dropped from 11 hours for pure lysozyme to 5 hours for highly concentrated, 
2.4M, sodium chloride samples. This decrease corresponds to the increase of the 
diffusion rate of the protein molecules in the sodium chloride solutions, as 
indicated from Figure 5.10. As mentioned above in section 5.3, the dynamics of 
surface tension indicates the kinetics of protein assembly at the air-water interface. 
It follows the three consecutive steps: diffusion, penetration and rearrangement. 
As suggested by Tornberg (1978) and Graham (1979), the linear part in the 
commonly used plot )()( 2
1
tft =γ (Figure 5.10) (refer to Eq. 5.14) illustrates the 
diffusion determined limit and )(ln Π=Π f
dt
d  (Figure 5.11) (refer to Eq. 5.15) 
reveals three steps for the interface assembly of each sample. The resulting slope 
of the curve )()1ln( tf
e
=Π
Π−  gives the rate constant for each step (Figure 5.12) 
(refer to Eq. 5.16). 
Figure 5.13 shows the relationship between the concentration of sodium chloride 
and the rate constants of diffusion kd, penetration kp, and rearrangement kr. It 
appears that the rate constant of each step depends on the salt concentration. With 
the increase of sodium chloride, the diffusion rate increases dramatically. The 
changes in the rate constants of penetration and rearrangement are much less 
significant, although a little higher kp value is obtained for the high salt sample.  
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Figure 5.13 Rate constants of diffusion kd, penetration kp, and rearrangement kr as a 
function of sodium chloride concentration. 
These changes can be explained by the electrical double layer theory. The 
isoelectric point, pI, of lysozyme is about pH 11 (Ducruix and Giege, 1999). At 
pH 4.5, lysozyme is positively charged. In the absence of salt, the electric double 
layer of the lysozyme molecule is thick and its influence is strong. The mobility of 
the protein molecule is low because as it moves, it drags the double layer 
surrounding it. However, in the presence of the salt, the surface charges of the 
protein molecule are screened by counterions in the solution, which decreases the 
thickness of the double layer around the protein (Adamson and Gast, 1997; Hunter, 
2001). Therefore, the effective size of protein molecule also decreases, which 
results in an increase of the molecular mobility. The presence of salt increases the 
volume transport rate of the protein molecules in the bulk to the surface. On the 
other hand, the surface integration, penetration and rearrangement, are influenced 
by the intrinsic properties of protein molecules, such as their conformations. The 
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presence of salt does not change the conformation and rigidity of a protein 
molecule. Therefore, the invariance of kp and kr with respect to salt concentration 
is understandable. 
The energy barrier for each process could be obtained according to Eq. 5.17 





RTCk p ∆−Γ= π ,                                 (5.17) 
where k is the rate constant for each process, pC  the protein bulk concentration, 
Γ  the surface coverage, R the ideal gas constant, T the temperature, M the 
molecular weight of the protein. At the initial stage, where the surface assembly is 
controlled by diffusion, there is no energy barrier for the first step, while in the 
following two steps, the energy barrier cannot be ignored. In our experiment, 
Cp=106 mg/m3, T is 296 K, M is 14 kg/mol and Γ can be obtained from the 
literature36 as 2.5 mg/m2. This gives a potential energy barrier for penetration 
pG∆  of about 23RT and a rearrangement rG∆  of about 24RT. Since for the first 
stage, there is no energy barrier, we then estimate G∆  to be about 47 RT. This 
energy barrier for surface assembly matches very well with the energy barrier of 
protein crystallization obtained by Ten Wolde et al (50RT) (Ten Wolde and 
Frenkel, 1997) and Grabe (32.8~43.6 RT) (2003). This consistency confirms that 
the surface tension measurement gives a reasonable prediction of protein 3D 
crystallization. 
5.4.2 Kinetic crystallization window 
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The change of the crystallization coefficient, cξ , associated with the 
crystallization and amorphous aggregation conditions is shown in Figure 5.14 for 
lysozyme with sodium chloride. In the crystallization experiments carried out by 
the batch method, good single crystals were obtained when the concentration of 
sodium chloride was greater than 0.2 M and less than 1.8 M (Zhang and Liu, 
2003). When the concentration of sodium chloride was larger than 1.8 M, 
amorphous aggregation appeared immediately at supersaturation.  
As discussed in section 5.3, the possibility for a protein to crystallize under a 
certain condition can be given by the crystallization coefficient, cξ . Only when cξ  
is in an appropriate range where the diffusion rate and the surface integration rate 
are comparable, can a good single crystal appear. Higher values of cξ  correspond 
to the case where the surface kinetics of protein crystallization is much slower 
than the volume diffusion. The solution is most likely to produce amorphous 
aggregation.  
Comparing the crystallization conditions with the crystallization coefficient, it 
turns out that for crystallization, cξ  lies in a certain range, 1< cξ <8. When cξ <1, 
the protein solution is in a stable state, so that neither crystallization nor 
amorphous aggregation occurs. The reason may be that when cξ <1, the volume 
diffusion rate is less than the surface integration rate. The diffusion rate is so slow 
that it is hard for the molecules to collide. Therefore, the probability for embryos 
to grow to the stage of the critical radius and overcome the nucleation barrier *G∆  
is also low. On the other hand, when cξ >8, the volume diffusion is faster by 
almost an order of magnitude than the surface integration. The molecules  
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Figure 5.14 The crystallization coefficient, cξ ,  of lysozyme in a sodium chloride 
solution with different concentrations. The crystallization and amorphous aggregation in 
the salt conditions are also shown as a reference. A kinetic crystallization window is 
determined by comparison with the crystallization results. 
aggregate so fast, that they grow up and overcome *G∆  before they find their 
optimal orientation and conformation. In this case, amorphous aggregation is more 
favorable than crystallization. In the range where protein crystallization occurs, 
1< cξ <8, the diffusion and surface integration are comparable. This is called the 
“kinetic crystallization window”. 
5.4.3 Validation of the kinetic crystallization window 
To further test the applicability of this kinetic criterion on the prediction of protein 
crystallization, the crystallization and amorphous aggregation conditions obtained 
for lysozyme were applied to different solvents and different proteins, such as 
BSA and concanavalin A (con A). The results are shown in Table 5.1. It can be  
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seen that in most cases, the criterion is valid. The crystallization coefficient, cξ , 
falls in the “kinetic crystallization window” when crystallization takes place, and 
out of the window when amorphous aggregation or no crystallization occurs. 
Compared with the B22 criterion, the surface tension prediction offers many 
advantages. First, it is more reliable and physically more sound. This can be seen 
from the case of lysozyme in ammonium sulfate. Crystallizing lysozyme from 
ammonium sulfate is generally considered impossible. Forythe et al (1997) 
claimed that they obtained crystals from ammonium sulfate. It is however 
doubtful whether the precipitant was only the ammonium sulfate solution since 
the ammonium sulfate concentration was very low and the additional compounds 
such as chloride acid and relatively high concentration of sodium acetate buffer 
were used. As a consequence, sufficient amounts of sodium and chloride ions 
were present to trigger the crystallization of lysozyme. As shown in Table 5.1, our 
prediction of amorphous aggregation is correct in such cases, while the B22 
prediction is wrong. Second, the method of measuring the surface tension is easier 
to perform than the measurement of B22, which is obtained by light scattering. 
Furthermore, the surface tension measurement requires only a small amount of 
protein because it is carried out at a single concentration, while a series of samples 
with different protein concentration is needed to perform light scattering in order 
to determine B22.  
We notice that in some cases, such as BSA with 52% saturated ammonium sulfate, 
the prediction based on the surface tension also gives rise to an incorrect outcome 
(Table 5.1). In this case, our method predicts protein aggregation while in practice, 
crystallization takes place. This may be attributed to the unfolding of BSA 
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molecules at the air/water interface as shown by Van der Vegt et al (1996). The 
protein unfolding changes the assembly kinetics at the surface, which results in a 
deviation from the genuine crystallization condition relevant to the bulk phase. In 
this sense, if severe unfolding of the proteins occurs at the air/solution interface, 
the prediction method based on the surface tension of the “kinetic crystallization 
window” becomes invalid.  
In general, in cases where the dissociation and unfolding of the protein at the 
surface is not severe, the “kinetic crystallization window” offers a reliable and 
sound tool for predicting protein crystallization from solution. This criterion 
provides an easy and reliable way to crystallize new proteins based on a series of 
simple surface tension measurements.  
5.5 Conclusions 
We investigated the kinetics of protein three-dimensional crystallization and two-
dimensional protein self-assembly at the interface using surface tension 
measurements. The model protein lysozyme in the presence of the precipitant, 
sodium chloride, was used in this study. Protein crystallization is a kinetic process, 
which includes molecular volume transport and surface integration. The 
competition between volume transport and surface integration determines whether 
crystallization or amorphous aggregation will be the kinetically favorable process. 
The tendency to aggregate amorphously can be gauged by the crystallization 
coefficient, cξ , which is the ratio between the volume diffusion rate and surface 
integration rate. From the study of protein two-dimensional assembly at the 
air/solution interface, a “kinetic crystallization window” can be determined, which 
Chapter 5 Interfacial Kinetics of Protein Crystallization 
_________________________________ 
 124
lies in the range 1< cξ <8. This “kinetic crystallization window” turns out to be 
more reliable and sound than the criterion based on the second virial coefficient.  






The purpose of this thesis was to understand the mechanism of protein 
crystallization and develop a prediction criterion for protein crystallization based 
on the kinetics of protein crystallization.  
First, the mechanism of protein crystallization in the presence of nonionic 
surfactant was investigated from the consideration of protein molecular 
interactions. It was found that the protein interaction was repulsive in 
noncrystallization conditions while it was slightly negative and fell in the B22 
“crystallization window” under crystallization conditions. This can be explained 
by the adsorption of nonionic surfactant on protein molecules and the depletion 
force between protein molecules when large number of micelles exist in the 
solution. The adsorption of nonionic surfactant at the hydrophobic parts of protein 
molecules screens the nonspecific hydrophobic force between protein molecules 
inhibiting protein aggregation at noncrystallization conditions. Under 
crystallization conditions, the micellar concentration is large enough so that the 
depletion force between protein molecules enables the protein to be crystallized. 
Understanding the mechanism of protein crystallization in the presence of 
nonionic surfactant allows us to find new crystallizing agents in protein 
crystallization. Crystallization of protein in the presence of nonionic surfactant 
verified B22 as a valid prediction criterion for protein crystallization conditions. 
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Although the B22 criterion for predicting protein crystallization conditions is valid 
in some cases, it fails in a lot of cases. The reason for the failure is that the B22 
criterion considers only protein interactions and disregards the kinetics of protein 
crystallization, which should not be neglected. A new criterion considering the 
kinetics of protein crystallization needs to be established.  
In order to find method of studying the kinetics of protein crystallization, protein 
self-assembly at the air/water interface in relation to protein crystallization was 
investigated by surface tension measurements. It was found that the assembly of 
protein at the surface of aqueous solution followed the same behavior as 
amphiphilic molecules. Critical assembly concentration (CAC) obtained from 
surface tension measurement was found to coincide with the equilibrium 
concentration of protein crystals under given conditions. Traditionally, the protein 
equilibrium condition is determined by dissolving protein crystals in a certain 
solution. Obviously, it is impossible to find the equilibrium concentration if the 
protein crystal is not available. Therefore, this discovery provides us a new 
method to determine the protein equilibrium concentration by surface tension 
measurements without the need to first grow protein crystals, which is a very 
difficult and time consuming task. However, as surface tension is sensitive to the 
protein conformation, this method requires that the protein be rigid at the surface 
of aqueous solution. If a severe dissociation or unfolding of proteins occurs at the 
surface, one may expect a notable deviation between the CAC and the solubility. 
Comparison of the structure of protein two-dimensional assembly and protein 
crystal revealed that the sublayer of protein two-dimensional assembly had the 
same structure as that of protein crystal. This indicates that the two-dimensional 
self-assembly acts as a self-template for protein three-dimensional crystallization. 
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Since protein crystallization follows the layer-by-layer growth mechanism, it 
should be possible to use the protein two-dimensional assembly kinetics to study 
the kinetics of protein crystallization, which has thus far been largely impossible. 
The kinetics of protein two-dimensional self-assembly at the interface was 
investigated using lysozyme as a model protein. It was found that volume 
diffusion kinetics changed dramatically with the increase of additives 
concentration. On the other hand, changes in surface integration kinetics were 
much less significant, although a higher value of penetration rate was obtained for 
the high concentration of the additive. These changes can be explained by the 
electrical double layer theory. In the presence of salt, the surface charges of the 
protein molecule are screened by counterions in the solution, which decreases the 
thickness of the double layer around the protein. Therefore, the effective size of 
protein molecule also decreases, and results in an increase in molecular mobility. 
Therefore, the presence of salt increases the volume transport rate of the protein 
molecules in the bulk to the surface. On the other hand, surface integration is 
influenced by the intrinsic properties of protein molecules, such as their 
conformation, which is not sensitive to salt concentration. Therefore, the 
invariance of surface integration rate with respect to salt concentration is 
understandable.  
The kinetics of two-dimensional surface assembly was applied to the kinetics of 
protein three-dimensional crystallization and compared with crystallization 
conditions. It was found that competition between volume transport and surface 
integration determined whether crystallization or amorphous aggregation is 
kinetically favored. The tendency to aggregate amorphously could be illustrated 
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by the crystallization coefficient, cξ , which is the ratio between the volume 
diffusion rate and surface integration rate. Comparing the crystallization 
conditions with crystallization coefficient, it turned out that for crystallization, cξ  
lies in the certain range, 1< cξ <8. The reason may be that when cξ <1, the volume 
diffusion rate is less than the surface integration rate. In this case, the diffusion 
rate is so slow that it is hard for the molecules to collide. Therefore, the chance for 
the embryo to grow to the stage of the critical radius and overcome the nucleation 
barrier *G∆  is also low. On the other hand, when cξ >8, the volume diffusion is 
faster by almost an order of magnitude than surface integration. In this case, the 
molecules aggregate so fast, that they grow and overcome *G∆  before they find 
their optimal orientation and conformation. In this case, amorphous aggregation is 
more favored than crystallization. In the range where protein crystallization occurs, 
namely, 1< cξ <8, diffusion and surface integration are comparable.  
Because only in a certain range, 1< cξ <8, could the protein be crystallized, a new 
criterion based on surface and volume diffusion kinetics was established to predict 
protein crystallization. This range is called “kinetic crystallization window”. The 
applicability of this kinetic criterion on the prediction of protein crystallization 
was further tested on different solvents and different proteins, such as BSA and 
concanavalin A. It was found that in about 90% of the tested cases, the criterion 
was valid. The crystallization coefficient, cξ , fell in the “kinetic crystallization 
window” when crystallization took place, and out of the window when amorphous 
aggregation, or no crystallization, occurred. Compared with the widely used B22 
criterion, the new criterion based on surface tension measurements is more 
reliable and physically more sound. This can be seen from the case of lysozyme in 
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ammonium sulfate. Besides the accuracy, the surface tension measurements to 
determine cξ  are easier to perform  than light scattering measurements to 
determine B22 and requires only less than 1 mg/ml protein concentration. However, 
in cases when the protein is unfolded at the surface, the criterion is invalid. This 
maybe because protein unfolding changes the surface assembly kinetics at the 
surface, which results in a deviation from the genuine crystallization condition 
relevant to the bulk phase. In this sense, if severe unfolding of the proteins occurs 
at the air/solution interface, the prediction method based on the surface tension 
measurements for the “kinetic crystallization window” is invalid. Furthermore, the 
investigation on applying this method to large molecular weight protein is also 
desirable.  
 In summary, this work provided us a new method to determine the protein 
equilibrium conditions without the need to first grow protein crystals. A new 
criterion was established for predicting protein crystallization conditions before 
resorting to screening experiments. This criterion was proved to be more reliable 
than the B22 criterion. These findings would accelerate determination of protein 
structures by X-ray crystallography, and benefit advances in drug design and drug 
delivery.   
6.2 Recommendations for Further Study 
These work only focused on understanding the mechanism and prediction of 
protein crystallization in the presence of a few salts and a nonionic surfactant. 
However, the study in controlling protein crystallization is still limited. To utilize 
protein crystallization in the determination of protein structures or drug delivery, 
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further work needs to be done to find new methods to promote protein nucleation 
and to investigate the kinetics of protein crystallization.  Protein crystallization 
with new crystallizing agents and under external field such as electric field, 
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